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Introduction
Meat quality is influenced by the effect of the factors 

combination before and after the slaughter of an animal. 
Factors that affect meat quality before slaughter include 
the animals’ species, variety, breed, sex, age, and fatness, as 
well as the conditions of the animals’ husbandry and feed-
ing diet, method of transportation, pre-slaughter handling, 
and the method of knocking. Factors that influence meat 
quality after slaughter cover cooling, aging, packaging 
method, and storage conditions, including temperature 
and duration [1].

Together with the above-listed factors that form the 
foundation of raw meat materials characteristics, the fur-
ther processing of raw meat to produce semi-finished meat 
products while maintaining high consumer qualities re-
mains an important issue.

Semi-finished meat products are a diverse range of the 
food products produced from bone-in meat cuts or bone-
less meat in the shape of cut pieces or minced meat. These 
food products require subsequent cooking heat treatment 
until they are ready to serve.

According to the Federal State Statistics Service of 
the Russian Federation, the production volume of semi-
finished meat products in Russia increased by more than 
35 %, or from 3.66 up to 4.95 million tons, from 2019 to 
2024 1. The growth of this food product segment on the 
domestic market is caused by its high demand among 
the consumers, including the market availability of these 
food products and easiness of their cooking. Currently, the 
manufacturers produce a wide range of semi-finished food 
products from various types of raw meat materials (beef, 
pork, lamb).

When choosing the semi-finished meat products, the 
consumers pay attention to the visual presentation (ap-
pearance, color, smell) of the product, its labeling (infor-
mation on the composition, shelf life, storage conditions, 
manufacturer, etc.), and the price. To form a positive im-
pression of the quality of the product, the manufacturer 
must ensure its safety throughout the entire shelf life. 

 1 Official website of the Federal State Statistics Service of the Russian Fed-
eration Retrieved from https://fedstat.ru/indicator/58636 Accessed May 3, 
2025. (In Russian)
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However, meat, being a highly perishable product, has a 
limited shelf life mainly because of oxidation and spoilage 
caused by microbial activity and enzymatic processes. Af-
ter a certain period, this can lead to a significant decrease 
in the quality and safety of the product, which poses seri-
ous risks to the health of the consumers [2].

The aim of the study is to analyze domestic and foreign 
scientific works to study the influence of packaging types 
and aging methods on the proteolytic activity of muscle tis-
sue in the production of the semi-finished meat products.

Objects and methods
This review is based on the analysis of scientific litera-

ture on meat and modern scientific publications devoted 
to the effect of packaging on enzymatic processes, physi-
cochemical properties and sensory characteristics of meat 
during its aging. The sources were sought and selected 
from the international scientific databases, including Sco-
pus, ScienceDirect, PubMed and ResearchGate, as well as 
the Russian databases: Elibrary and Cyberleninka. To make 
the search more specific, a descriptive method was used by 
the keywords: meat packaging, enzymatic processes, aging 
of meat, vacuum packaging, modified atmosphere packag-
ing, proteolysis, calpains, cathepsins, protein degradation, 
protein oxidation, meat quality, meat tenderness, “dry” 
and “wet” aging, sensory properties.

The article also includes the materials obtained from the 
experimental studies and systematic reviews published be-
tween 2004 and 2025. Use of other sources, published earlier 
than the specified period is explained by their conceptual 
importance for the current literature review. The main selec-
tion criteria were the availability of data on the packaging 
types (vacuum packaging, modified atmosphere packaging, 
permeable polymer packaging materials), the dynamics of 
enzymatic activity development, changes in myofibrillar 
proteins (desmin, troponin T), as well as avilability of infor-
mation on the textural and sensor characteristics of meat.

Results and discussion
As long-term researches made by domestic and for-

eign scientists show, today the issue of meat aging remains 
highly relevant. First of all it is related to the increased de-
mand for semi-finished meat products, the emergence of 
new breeds of slaughter animals, and the use of modern 
packaging technologies.

The level and nature of the development of autolytic 
processes after the slaughter of an animal have a significant 
impact on the quality of meat. Forming of the chemical 
composition of raw meat and its technological properties 
depends on the species, variety, breed, age, sex and fatness 
of the animal, as well as the conditions of its transporta-
tion, pre-slaughter care and fasting, as well as the method 
of knocking.

Also, the various biochemical processes occurring 
during the period of raw meat aging from the moment of 
slaughter until its processing are highly important [3].

The main methods of meat aging: dry and wet
The process of meat aging is quite complicated; it con-

sists of numerous series of changes in the composition and 
condition of multiple components of meat [4].

Autolysis is one of the stages of aging and it is a set of 
biochemical processes in muscle tissue, including changes 
in the physical and colloidal structure of proteins exposed 
to the meat’s own enzymes [5]. However, these processes 
are not limited to only the transformation of the protein 
component; they also cover fats, carbohydrates and other 
components. As a result, low-molecular compounds are 
formed that are actively involved in the formation of the 
smell and taste of meat during subsequent heat treatment. 
Moreover, during aging the meat acquires a tender texture 
and juiciness [6].

It should also be noted that during aging, partial disso-
ciation (separation) of actomyosin into actin and myosin 
begins, as well as the transition of meat from muscular rigor 
mortis state to a relaxed state. Meanwhile, the number of hy-
drophilic centers of myofibrillar proteinofs increases, which 
increases the water-binding capacity (WBC) of muscle tis-
sue. Due to the release of cathepsins from lysosomes, which 
most actively affect sarcoplasmic proteins, proteolytic activ-
ity increases in the muscles. At the same time, myofibrillar 
proteins are also exposed to limited proteolysis, which en-
hances tenderness of muscle tissue. Thus, according to the 
research of V.  I. Solovyev, it was established that the stage 
of fibrillar proteins proteolysis exposed to cathepsins can be 
considered as the beginning of meat aging [7].

The quantity and quality of connective tissue, whose 
components’ lability increases during the aging period, plays 
a significant role in changing the texture of meat. The effect 
of acids formed at this stage of autolysis enables loosening 
of the collagen bundles, weakening of intermolecular cross-
links, and collagen swelling, which also lead to a more ten-
der and juicy texture of the ready-to-eat food product [8–11].

At the present stage, two methods of meat aging have 
gained the greatest popularity in the world: “dry” one — in 
unpackaged form, and “wet” one — in vacuum packaging. 
For many centuries, after slaughter, skinning and evis-
ceration, the animal carcass was stored in a dark and cool 
place. This method of meat aging can be considered as the 
forefather of the modern “dry” aging, which can provide 
meat with a special flavor. The traditions from the distant 
past have occupied one of the popular trends in the restau-
rant business, when meat is placed in aging chambers with 
a certain microclimate. To obtain a tender product with a 
pronounced aroma and taste, it is necessary to control the 
temperature, humidity and air speed, which can restrain 
the development of bacteria and mold. In addition, the 
key aspect is the correct placement of meat, minimizing its 
contact with any surfaces. In this regard, the most rational 
method is hanging the meat in the aging chamber.

Scientifically the process of “dry” aging of meat was first 
described in the early 1950s. At that time, the American 
butchers aged whole carcasses for more than a week to get 
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the tender and tasty meat. However, a decade later, they 
rejected this method due to significant weight loss (up to 
20 %) and fading of the original product color. At the same 
time, it was noted that it is the evaporation of moisture that 
contributed to development of the most pronounced aro-
ma and notable taste of the finished food product.

In the review article Dashdorj et al. [12] considered the 
influence of dry aging parameters on beef quality, includ-
ing temperature, relative humidity and air flow rate, as well 
as the influence of packaging on microbiological safety and 
enzymatic processes. In this article attention was drawn to 
the fact that using the packaging materials with high va-
por permeability allows maintaining the required level of 
dehydration, while preserving the activity of natural meat 
enzymes, such as calpains and cathepsins. This promotes 
the acceleration of proteolysis, the breakdown of connec-
tive tissue and the improvement of the texture (tenderness) 
of the product. During the dry aging process, profound 
changes in protein and lipid fractions are also noted, which 
changed lead to the formation of a peculiar nutty taste and 
concentrated aroma. At the same time, insufficient evapo-
ration of moisture or its excessive loss can disturb the bal-
ance of enzymatic reactions, thus worsening the texture 
and sensory properties of meat. So, the correctly selected 
packaging and control of aging conditions are critically 
important for optimizing the enzymatic processes and 
achieving high quality of semi-finished meat products that 
have undergone “dry” aging [13,14].

The research of “dry” aging processes continues to at-
tract the interest of the domestic and foreign research-
ers [15–19], since it is most in demand for aging the high-
quality (marble) beef in the restaurant industry. Steaks 
obtained from such meat raw materials feature rich aroma 
and saturated taste, and the presence of fat veins provides 
the additional juiciness, which allows classifying them as 
premium quality food products.

The work of Korean scientists on semi-finished pork 
meat products obtained by the method of “dry” aging [20] 
is noteworthy. This study analyzed the effect of long-term 
(40 days) “dry” aging of pork loin on its physicochemical 
properties at a temperature of 2 ± 1 °C and a humidity of 
80 %. Changes in the content of free amino acids and dipep-
tides were studied using high-performance liquid chroma-
tography (HPLC), as well as sensory characteristics (texture, 
aroma and taste) of meat. The results showed a significant 
build-up of free amino acids, such as glutamate, as well as 
dipeptides, which indicates the activity of endogenous pro-
teases — cathepsins and calpains. Enzymatic breakdown of 
proteins contributed to an increase of meat tenderness, im-
proved aroma and taste characteristics, which allowed the 
conclusion that the selected aging method is effective and 
increases the consumer appeal of the product.

Other scientific studies in the process of systematic re-
view focused on the biochemical processes and transfor-
mations during the period from the beginning of the aging 
process to the final ready-to-eat food product after heat 

treatment. It was found that one of the most common rea-
sons for unsatisfactory meat quality for the consumer is the 
meat toughness. This phenomenon is caused by number of 
reasons, including the amount of intramuscular connec-
tive tissue, intramuscular fat and sarcomere length. An im-
portant factor is the degree of proteolysis of key proteins 
in muscle fibers that determines the final tenderness [21].

It has been noted that water-soluble compounds with 
low molecular weight and meat lipids formed during the 
aging process of meat are the important precursors for the 
taste of the ready meat dish [22].

The preference for the “dry” aging method was also noted 
in the work of other Korean scientists who studied the ef-
fect of various aging methods (“dry” and “wet”) on the qual-
ity of pork loin. The researchers determined the content of 
moisture, protein, fat, ash, values of myofibril fragmentation 
index (MFI), and protein solubility. It was noted that “dry” 
aging contributed to a more pronounced moisture content 
decrease and increased the level of proteins and fats. Proteo-
lytic activity due to the action of endogenous enzymes (cal-
pains, cathepsins) was expressed as MFI increase and shear 
force decrease. This ensured better tenderness and reduced 
weight loss during cooking, which made “dry” aging a pref-
erable method for obtaining semi-finished meat products 
with improved their process and sensory characteristics [23].

The use of “wet” aging at low positive temperatures (not 
exceeding 4 °C) is a common practice and is widely used 
in the meat industry for production of meat (including 
semi-finished meat products) with a long shelf life  [24]. 
Due to the tightness of the packaging, moisture is retained, 
which provided positive effect on the texture of the fin-
ished product. In addition, “wet” aging of meat is accom-
panied by significant changes in the concentrations of such 
metabolites as creatine, hypoxanthine, carnosine, as well 
as various dipeptides and tripeptides. These compounds 
are related to the processes of proteolysis of myofibrillar 
proteins, as well as the oxidation of proteins and lipids. 
Enzymatic processes of muscle tissue protein breakdown, 
activated during storage, led to an increase in meat tender-
ness, an improvement in its water-holding capacity and a 
change in color, which is critically important for improv-
ing the consumers’ perception of meat and the properties 
of semi-finished meat products [25].

Vacuum packaged meat features a prolonged shelf life 
in comparison with the aerobic method, it is easy to trans-
port and store. However, despite a number of advantages, 
this method has its negative sides. For example, the aroma 
and taste of the finished product are less pronounced, and 
the moisture-holding capacity of such meat is lower than 
with “dry” aging. In addition, a sharp pressure drop dur-
ing the vacuuming process contributes to the separation of 
meat juice in the package, which is an environment for the 
development of microorganisms.

In addition to the most popular methods of meat aging, 
there are a number of other approaches to aging meat raw 
materials, among which it is worth noting the use of fungal 
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starter culture that form a protective mold in order to ob-
tain a delicate texture, rich aroma and taste [26]. In addi-
tion, it is possible to note so called aqua-aging method us-
ing mineral water, as well as additional wrapping meat into 
parchment before placing it into vacuum-sealed packaging 
during wet aging, which is widely used in haute cuisine all 
over the world.

In addition to the above, the duration of meat aging 
depends on many other factors, including the age of the 
animal, its fatness, the type of meat, and the temperature. 
For example, the aging of meat of higher fatness requires 
more time than meat of lower fatness and from the young 
animals [4,27].

Also, accelerated aging of meat is facilitated by elevated 
ambient temperatures. For example, beef ages in 10–14 days 
at 0 °C, in 6 days at 8–10 °C, and in 4 days at 16–18 °C. Pork 
and lamb aged faster at 0 °C — it takes 10 and 8 days, re-
spectively [9].

Accelerated aging method (accelerated aging  — AA) 
in vacuum packaging and a water bath (temperature 49–
54 °C) demonstrates a significant effect on the enzymatic 
processes in low-grade beef, in particular the activity of 
cathepsins. The study at Louisiana State University (USA) 
showed that cathepsins B and L remain active even at a 
temperature of 55 °C, thus providing degradation of tropo-
nin T (protein of cardiac and skeletal muscles) and dissolu-
tion of collagen, including both soluble and insoluble frac-
tions. Particularly active proteolysis was observed at 49 °C 
for 3 h, where the highest levels of enzyme activity were 
recorded. Accelerated aging increased meat tenderness, as 
measured by a reduction in Warner-Bratzler shear force. 
It also reduced microbial contamination and promoted the 
formation of additional myofibrillar protein degradation. 
However, this process resulted in moisture loss and low-
ered juiciness, which was reflected in the sensory evalu-
ation. Thus, the AA method can be considered as an ef-
fective approach for improving texture and functional 
properties of meat semi-finished products, especially when 
using vacuum packaging, which activates heat-stable pro-
teolytic enzymes under moderate heat exposure  [28,29].

In their turn the American scientists from the Univer-
sity of Idaho ran a scientific research, which consisted of 
determining the aging effect for various storage periods (2, 
3, 4, 14, 28 and 42 days) on the activity of calpain-1 and -2 
in steaks from the longissimus dorsi and semimembranosus 
muscle of beef, vacuum-packed and frozen at a low nega-
tive temperature (minus 75 °C). During the research, it was 
established that both enzymes contribute to improving the 
tenderness of beef during storage. However, after 14 days, 
calpain-1 was inactivated, while calpain-2 continued its ac-
tion until the end of the experiment [30].

The comparative analysis of “wet” and “dry” aging of 
beef showed that the choice of packaging and storage con-
ditions provides key impact on enzymatic processes in-
tensity, texture and sensory characteristics of meat. Vac-
uum packaging provides a more pronounced reduction 

in toughness due to the activation of autolytic enzymes 
such as calpains and cathepsins, especially for the first two 
weeks of storage. Meanwhile, the long-term storage (more 
than 21 days) shows, that the efficiency of further soften-
ing decreases, and comes to certain plateau. The advantage 
of “wet” aging is stable tenderness and high water-holding 
capacity explained by the destruction of proteins with high 
molecular weight (titin, nebulin) and the formation of gel-
like structures that reduce moisture loss. At the same time, 
dry aging promotes development of more pronounced 
taste and aroma, but is accompanied by increased weight 
loss and the risk of microbial spoilage. However, the ad-
ditional use of protective cultures (for example, Lactoba-
cillus sakei) under vacuum storage conditions additionally 
increases the microbiological safety of the product, thus 
reducing the activity of lactobacilli and listeria. So, the 
properly selected packaging system in combination with 
controlled storage conditions allows for targeted manage-
ment of enzymatic transformations, forming a preset qual-
ity profile in the semi-finished meat products [31,32].

In addition to use of microbiological preparations in 
the technological practice of the meat industry, enzyme 
preparations are also actively used that can specifically af-
fect the proteins of muscle and connective tissue, increas-
ing the tenderness, juiciness and water-holding capacity 
of semi-finished products. Proteolytic enzymes — papain, 
bromelain, chymotrypsin and ficin — show a pronounced 
effect in the processing of hard (collagen-containing) ar-
eas of the carcass, providing aid in their softening. Vacuum 
packaging creates favorable conditions for realizing enzy-
matic potential. Minimizing oxygen access slows down un-
desirable oxidative processes and simultaneously enhances 
autolytic and exogenous proteolysis processes. However, 
the efficiency of enzymatic processing directly depends on 
compliance with the technological parameters: tempera-
ture, duration, dosage of enzymes. Thus, the optimal com-
bination of packaging technology and enzymatic process-
ing allows for the sustainable use of meat raw materials, 
intensification of aging and stabilization of the quality of 
semi-finished meat products [33–36].

Meat aging in various types of packaging
Packaging plays a key role in ensuring the preservation 

of consumer properties of semi-finished meat products 
throughout the entire shelf life. The choice of packaging 
method sets the conditions for the enzymatic processes 
and meat stability during long-term storage. There are 
three main methods of packaging meat products in the in-
dustry:
• aerobic packaging;
• vacuum packaging;
• modified atmosphere packaging (MAP)

Polymer packaging is important in ensuring the quality 
and safety of semi-finished meat products, including the 
regulation of enzymatic processes during their storage and 
aging. It is worth noting that today various companies offer 
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a wide range of polymeric materials designed for packag-
ing of semi-finished food products [37].

In its turn the vacuum packaging helps reduce the ac-
tivity of aerobic microorganisms, slows down oxidation 
processes and creates favorable conditions for enzymatic 
autolysis, in particular proteolysis, which increases the 
tenderness of meat. At the same time, the packaging must 
have low gas and vapor permeability, especially in relation 
to oxygen, since the residual O2 content above 0.15 % can 
give a start for undesirable change of meat color. The use of 
vacuum ensures the preservation of the sensory properties 
of beef for up to 60 days and promotes the uniform pro-
cess of autolytic changes. The types of vacuum packaging 
like heat-shrinking packaging and skin packaging not only 
stabilize the physicochemical characteristics of the food 
product, but also increase the appealing and attractiveness 
for the consumer due to quality of visual representation. In 
addition, active and intelligent packaging containing anti-
oxidants, antimicrobial agents and freshness sensors opens 
up wide prospects for precise control of enzymatic and mi-
crobiological processes that significantly affect the aging of 
semi-finished meat products [38].

It should be noted that aging in vacuum packaging cre-
ates favorable conditions for proteolysis without oxygen 
access, which helps preserving moisture, reduces micro-
biological risks and provides a food product with a soft 
texture. At the same time, aging without packaging or ag-
ing in air-permeable bags contributes to more pronounced 
aromatic changes due to oxidative processes, but is accom-
panied by significant weight loss [39–41].

Aging of meat raw materials in vacuum packaging has a 
significant effect on the enzymatic processes taking place, 
thus promoting the active breakdown of proteins into pep-
tides and free amino acids. As a result of such biochemi-
cal changes, the functional and technological indicators of 
meat improve: moisture-binding and fat-retaining capacity 
increase, the structure of muscle tissue improves, and the 
ultimate shear stress decreases. Studies have shown that 
the optimal mode for aging beef in half carcasses includes 
6 days of natural aging, followed by vacuum packaging 
and aging for 6 days at a temperature of 4 ± 2 °C. This ap-
proach ensured the production of chopped semi-finished 
products with high sensory characteristics (tasting score 
of 8.3–8.4 points), reduced losses during heat treatment 
and increased juiciness and tenderness of the product. 
A particularly pronounced effect was noted for the beef of 
premium and first grade quality, while long-term storage 
of the samples with a high content of connective tissue in 
vacuum packaging led to worsening of the semi-finished 
product quality [42].

Scientists from Texas Tech University (USA) noted 
that the temperature and duration of “wet” aging using a 
vacuum have a pronounced effect on the formation of tex-
ture and taste of semi-finished meat products due to the 
modulation of enzymatic processes and metabolic activity 
of microflora. The study found that the best sensory as-

sessments of juiciness, tenderness and taste were achieved 
when beef was aged for 42 days at a temperature of minus 
2 °C or 4 °C. At the same time, 56-day storage of meat at 
4 °C featured the greatest development of volatile com-
pounds — ethanol, acetic and heptanoic acids, as well as 
substances of microbial and thermal origin, such as methi-
onal and 2-methylbutanal. These compounds are associ-
ated with the creating of sour, earthy and liverish foreign 
tastes, which intensify during long-term storage. The main 
mechanism of accumulation of the final aroma is the active 
growth of microflora under conditions of moderately ele-
vated temperature (4 °C), while lower temperatures (– 2 °C) 
allow to slow down undesirable processes, while maintain-
ing the efficiency of proteolysis (including degradation of 
desmin and troponin T). Thus, the choice of temperature 
conditions and storage time in vacuum is critically impor-
tant for preserving the desired sensory and technological 
characteristics of semi-finished meat products [43].

Scientists from the University of Costa Rica [44] con-
firmed that the packaging method (aerobic and anaerobic) 
has a significant effect not only on the enzymatic processes 
occurring during storage, but also on the microbiological 
stability of minced rabbit meat. The studies showed that 
vacuum packaging significantly slows the growth of psy-
chrotrophic and lactic acid bacteria (LAB), reduces the 
lipid oxidation index (TBARS), and limits the build-up of 
total volatile nitrogen (TVB-N) associated with proteins 
degradation. Vacuum packaging conditions the microbial 
threshold values associated with spoilage were reached only 
by the 11th day of storage at a temperature of 4 °C. At the 
same time, in aerobic packaging, visible signs of spoilage 
appeared already on the 5th day of storage. The researchers 
explained this fact by the fact that vacuum packaging con-
ditions, bacteria with low proteolytic activity (LAB) pre-
dominate, while in an aerobic environment, aerobic psy-
chrotrophic microorganisms that actively destroy protein 
structures dominate. Moreover, the studies found that the 
decrease in pH in vacuum packaging is due to the growth 
of lactic acid bacteria. At the same time, in aerobic packag-
ing, an increase in pH was observed due to the breakdown 
of proteins with the formation of amines. Thus, the authors 
of this work concluded that vacuum packaging not only 
increases the shelf life of semi-finished meat products, but 
also helps control enzymatic processes, reducing the like-
lihood of oxidative and microbial spoilage, especially in 
products sensitive to lipid instability, like rabbit meat.

The influence of packaging on enzymatic processes and 
the quality of semi-finished meat products is especially 
pronounced when using modified atmosphere (MAP) 
technology. Therefore, we will further consider the features 
of this packaging method in more detail. The use of this 
technology allows you to vary the composition of the gas 
mixture, which can slow down oxidation processes, pre-
vent the proliferation of bacteria and preserve the attrac-
tive appearance of the product depending on the type of 
meat used and the desired shelf life.
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The research ran by Brazilian scientists [45] has shown 
that packaging beef under anaerobic atmosphere with 
carbon monoxide (CO) content of 0.2 % — 0.4 % provides 
more pronounced tenderization and proteolysis, accom-
panied by myofibril fragmentation and ultrastructural 
changes in muscle tissue. In contrast to vacuum packag-
ing, the use of CO-MAP allows maintaining a bright and 
stable red color of meat due to stable carboxymyoglobin 
formation, while reducing the rate of protein oxidation 
and improving the sensory properties of the food prod-
uct. In contrast, packaging the meat with high oxygen 
content (75 %) provokes increased oxidation of lipids and 
proteins, negatively affecting the tenderness of meat and 
its aroma, despite the initial improvement in color char-
acteristics. Thus, the use of a small amount of carbon di-
oxide in the composition of MAP can be recommended 
as an effective method for stabilizing the quality of meat 
products during aging, especially when processing raw 
materials from older cattle.

Modern technologies of meat packaging in MAP pro-
vide a wide range of tools for managing enzymatic and 
oxidative processes that determine the quality of semi-fin-
ished meat products during storage and display in self-ser-
vice store windows. Different gas mixture compositions — 
from a highly oxygenated environment (80 % O2) to an 
oxygen-free combination of N2 and CO2 — have different 
effects on the enzyme activity, color, water-holding capac-
ity and sensory properties of meat. In particular, a high 
oxygen content promotes the formation of bright oxymyo-
globin, but at the same time provokes the oxidation of lip-
ids and proteins, reducing the tenderness and juiciness of 
the product. On the contrary, vacuum packaging and MAP 
with a low O2 content (including the addition of carbon 
monoxide (CO)) allow to slow down oxidative processes, 
preserve the activity of calpains and proteolysis cytoskel-
etal proteins that increase water retention and tenderness 
of meat. In addition, active packaging with antioxidants, 
antimicrobial substances, and O2 — absorbers can specifi-
cally regulate the microbiological and enzymatic state of 
the product, increasing color stability, taste, and shelf life. 
Thus, the integration of MAP with the enzymatic charac-
teristics of meat raw materials opens up opportunities for 
targeted quality control of semi-finished products depend-
ing on the type of muscle, storage conditions, and consum-
er preferences [46].

It should be noted that the enzymatic and structural 
changes that occur in the muscle tissue of an animal af-
ter slaughter play a key role in the formation of the water-
holding capacity of semi-finished meat products. Research 
by scientists from the University of Iowa (USA) has shown 
that the activity of endogenous calpains promotes proteol-
ysis cytoskeletal proteins such as desmin, synemin and vin-
culin. This weakens the bonds between the myofibrils and 
the sarcolemma. This prevents excessive contraction of the 
muscle cell and reduces moisture loss. At the same time, 
conditions that promote calpain activation — optimal pH, 

reducing environment and temperature conditions — are 
critical for the implementation of the proteolytic potential. 
In contrast, oxidative processes that occur at high level of 
oxygen inhibit calpain activity and disrupt enzymatic deg-
radation of proteins, which leads to a decrease in juiciness 
and deterioration of meat texture. Thus, packaging tech-
nologies that minimize oxidation (e. g. vacuum packaging 
or low-oxygen MAP) create favorable conditions for the 
implementation of enzymatic tenderization and preserva-
tion of the water-holding capacity of meat, especially in 
the first 24 hours after slaughter, when proteolysis has the 
greatest impact on product quality [47].

In a study by Jaspal et al. [48], the effect of three packag-
ing types and methods: vacuum packaging (VP), modified 
atmosphere packaging (MAP: 80 % O2 + 20 % CO2) and 
conventional polyethylene packaging (PE) on the qual-
ity characteristics of water buffalo meat during the aging 
process (21  days) was analyzed. The authors found that 
vacuum packaging provided the best conditions for enzy-
matic processes. For example, the Warner- Bratzler shear 
force (WBSF) values of the VP-packed samples decreased 
by more than 28 %, indicating a significant improvement 
in tenderness due to active proteolysis. In the MAP group, 
the decrease in WBSF was less pronounced and amounted 
to 17 %, while in the PE group, virtually no changes were 
observed.

In addition, at the end of the shelf life, vacuum-packed 
meat featured the lowest moisture loss during cooking 
(23.90 % versus 26.75 % in MAP and 29.45 % in PE), which 
is related to the preservation of protein structure exposed 
to enzymes action. Despite the fact that MAP maintained 
higher lightness (L) values throughout the entire storage 
period (e. g. 42.40 versus 39.53 in VP on the 21st day), it 
also increased lipid oxidation, which was expressed in an 
increase in the oxidative spoilage rate (TBARS) to 1.57 mg 
malondialdehyde / kg versus 1.32 mg / kg in vacuum pack-
aging. Taking into account the obtained results, the au-
thors concluded that vacuum packaging made it possible 
to most effectively maintain enzymatic activity, improving 
texture and slowing down the development of oxidative 
changes compared to other packaging methods [48].

The scientists from China came to the similar conclu-
sion in the work  [49] about the preference for vacuum 
packaging. In the process of comparative studies of vari-
ous packaging methods (aerobic, vacuum packaging and 
modified atmosphere packaging), it was found that beef 
samples packaged using a vacuum featured greater pres-
ervation of free thiol groups, lower content of carbonyl 
compounds and higher activity of μ-calpain compared 
to the samples packaged in air-permeable packaging or 
packaging with a modified atmosphere packaging. The au-
thors noted that the use of a vacuum ensured a more active 
proteolysis of desmin and better tenderness of beef, and 
also contributed to the creation of favorable conditions 
for slowing down the proteins oxidation and maintaining 
the enzymes activity that help improving the meat texture.
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Li et al. [50] studied the effect of vacuum packaging and 
different oxygen concentrations (40 %, 60 %, and 80 %) 
in MAP packaging on protein oxidation and pork color 
during storage at 4 °C. The results showed that carbonyl 
groups are formed during storage regardless of the pack-
aging type. However, an increase in oxygen concentration 
leads to higher protein carbonylation and worsening of 
meat texture. Meanwhile, sarcoplasmic proteins happened 
to be more susceptible to oxidation than myofibrillar pro-
teins. The results showed that a small amount of oxygen 
(40 %) in MAP packaging contributes to obtaining fresh 
pork of the desired color, while high oxygen content leads 
to more pronounced protein oxidation with an insignifi-
cant improvement in the color characteristics of meat.

The influence of different packaging methods on 
proteolysis, accumulation of free amino acids and de-
velopment of beef flavor during aging are reflected in 
experimental studies by scientists from Texas Tech Uni-
versity [51], Colorado State University [52], and research-
ers from the Warsaw University of Life Sciences  [53]. 
Their studies compared four types of packaging: vacuum 
packaging, high-oxygen MAP, carbon monoxide packag-
ing (CO-MAP) and traditional PVC packaging. It was 
found that meat packaged in MAP with highoxygen con-
centration was characterized by minimal degradation of 
desmin, the highest rigidity values and more pronounced 
development of flavors that do not belong there (bitter, 
sour, fishy), which is related to increased oxidative pro-
cesses and decreased activity of enzymatic proteolysis. In 
contrast, vacuum packaging led to increased proteolysis, 
accumulation of free amino acids associated with meat 
flavor development (umami, bloody, roasted profile) and 
improved textural characteristics of the product. These 
results indicate that anaerobic storage conditions (e.  g. 
vacuum packaging) help preserve enzymatic activity in 
muscle tissue, allowing for optimal flavor and tenderness 
development in beef during aging.

In the work of Chinese scientists to study the influence 
of different types of packaging (breathable film, vacuum, 
MAP (80 % O2 + 20 % CO2) on protein oxidation, calpain 
activity, proteolysis desmin and protein solubility were 
studied in beef lumbar and semimembranosus muscles 
during aging (10 days) at 4 °C. The results showed that the 
inhibition of calpain activity in samples packed in perme-
able film and MAP is presumably closely related to protein 
oxidation, which further reduces the level of desminiza-
tion in comparison with the vacuum packaging [54].

Enzymatic processes that take place in meat raw mate-
rials during aging are closely related to the formation or, 
vice versa, destruction of protein aggregates, which signifi-
cantly affects the texture, tenderness and juiciness of semi-
finished meat products. Thus, in the work of the Russian 
scientists  [55], it was established that when storing meat 
in vacuum packaging a gradual formation of protein ag-

gregates occurs against the background of autolytic pro-
cesses, which is enhanced by access to oxygen after open-
ing the package. At the same time, it was established that 
in an atmosphere with high level of oxygen, aggregation of 
heavy myosin chains is observed, associated with oxidative 
cross-linking of proteins, which leads to a decrease of wa-
ter-holding capacity, deterioration in consistency and in-
crease meat toughness. Those processes are able to reduce 
the efficiency of proteolytic enzymes, including µ-calpain, 
and inhibit the development of the desired texture. The au-
thors came to conclusion that packaging that provides low 
level of oxygen, especially in combination with vacuum, is 
preferable in terms of minimizing the undesirable aggrega-
tion and preservation of the endogenous enzyme systems 
activity that promote meat tenderization.

Conclusion
The analysis of domestic and foreign literature has 

shown that the problem of meat aging for many decades 
keeps being relevant for the industry producers. Biochemi-
cal processes that take place in muscle tissue being exposed 
to its own enzymes lead to changes in the sensory proper-
ties of the food product.

It has been defined that the modern types of packag-
ing provide a significant impact on the enzymatic, micro-
biological and functional-technological characteristics of 
semi-finished meat products. This is particularly impor-
tant in forming consumer-appealing parameters such as 
flavor, taste, and mouthfeel (texture).

The review of scientific publications showed the advan-
tage of the “wet” aging (vacuum aging), as this method cre-
ates more favorable conditions for proteolysis which is re-
sponsible for the final rheological properties of the finished 
food product. At the same time, the “dry” aging method 
ensures brighter sensory profile, although with significant 
weight loss.

Meanwhile, use of MAP technology with various com-
positions of gas media is able to provide various effects 
on enzyme activity, color, WBC and sensory properties of 
semi-finished meat products.

In particular, high concentration of oxygen (80 % O2) 
leads to bright red color manifestation, but provokes pro-
teins and oxidation lipids, thus reducing the tenderness 
and juiciness of the meat product. In its turn, an oxygen-
free medium (N2 and CO/CO2) inhibits the development 
of aerobic microorganisms and slows down oxidation pro-
cesses.

The obtained results do not permit drawing clear con-
clusions about the absolute advantages of using one or an-
other method of raw meat aging, and do not determine the 
most optimal choice of packaging method, as these issues 
still keep being relevant for the modern scientific research 
in the context of the active development of innovative 
technologies and new types of packaging materials.
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