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RECENT ADVANCES IN THE TECHNOLOGICAL INTENSIFICATION OF ENZYMATIC
PROCESSES IN MEAT SYSTEMS

Abstract: Enzymatic reactions play a fundamental role in the transformation of muscle tissue into meat
and in the formation of quality attributes in meat products. Postmortem glycolysis, proteolysis, and lipolysis
mediated by endogenous enzymes — calpains, cathepsins, aminopeptidases, and lipases — determine texture,
color, and flavor. Additional modification of the protein—lipid matrix is ensured by microbial enzymes of starter
cultures and by exogenous plant-derived proteases used to regulate structural and sensory properties. Their
activity promotes the accumulation of free amino acids, peptides, and volatile compounds responsible for
characteristic flavor development. However, the natural rate of enzymatic reactions and the complexity of their
control, influenced by pH, temperature, salt content, and water activity, require the application of controlled
intensification strategies.

This review summarizes current advances in innovative technologies aimed at accelerating and
optimizing enzymatic processes in the meat industry. The effects of ultrasound (US), pulsed electric fields
(PEF), moderate electric fields (MEF), high hydrostatic pressure (HHP), and supercritical CO, (SC-CO_) are
discussed in relation to protease activation, increased tissue permeability, and enzyme activity modulation.
The review emphasizes that integrating non-enzymatic intensification methods with conventional fermentation
and ripening technologies offers prospects for shortening production cycles, improving quality stability, and
expanding the range of functional meat products. The findings provide a theoretical basis for the development
of scientifically grounded modernization strategies in meat fermentation and ripening processes.

Key words: enzymatic processes, meat industry, proteolysis, lipolysis, intensification.

Introduction. Meat products occupy a significant position in human nutrition, serving as a
major source of high-quality protein, essential amino acids, and micronutrients, while also providing
distinctive sensory attributes that shape consumer perception of quality. Under conditions of intense
market competition, the flavor profile of meat products is regarded as one of the key determinants of
their commercial attractiveness and technological differentiation, thereby stimulating the search for
scientifically grounded approaches to controlling texture and flavor development processes [1]. In
this context, enzymatic mechanisms underlying the post-mortem transformation of muscle into meat
play a pivotal role.
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Enzymatic processes, through modification of the protein-lipid matrix, determine the
structural-mechanical, sensory, and technological properties of meat products. Following slaughter,
a cascade of interrelated biochemical reactions is initiated in muscle tissue, including glycolysis,
proteolysis, and lipolysis, which are regulated by endogenous enzymatic systems. Anaerobic
glycolysis is accompanied by the accumulation of lactic acid and a decline in pH, which induces the
development of rigor mortis and significantly affects the ultrastructural organization of muscle fibers

[2].

During the subsequent post-mortem period, calpains, cathepsins, and components of the
ubiquitin-proteasome system play a central role in the selective degradation of myofibrillar and
cytoskeletal proteins, leading to the development of tenderness and the accumulation of low-
molecular-weight flavor-active compounds [3].

Concurrently, lipolytic enzymes catalyze the hydrolysis of triacylglycerols and phospholipids,
generating precursors of volatile aroma compounds that contribute to the characteristic sensory
profile of meat products.

In addition to endogenous enzymatic systems, exogenous plant-derived proteases are
applied in meat processing to further intensify proteolysis through the hydrolysis of myofibrillar and,
to some extent, connective tissue proteins. This approach enables targeted regulation of
tenderization and acceleration of raw material maturation (Figure 1).
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Figure 1 — Post-mortem biochemical cascade and quality formation in meat systems

In dry-cured and fermented meat technologies, endogenous enzymatic processes are
substantially enhanced by microbial enzymes produced by starter cultures, as well as by yeasts and
molds. The metabolic activity of these microorganisms intensifies proteolytic and lipolytic
transformations, promoting the accumulation of free amino acids, low-molecular-weight peptides,
and volatile compounds (e.g., aldehydes and ketones) responsible for the development of the
product’s characteristic flavor profile [2].

However, the rate of enzymatic reactions remains inherently limited and highly variable due
to the sensitivity of enzyme systems to both intrinsic and extrinsic factors. These include temperature
regimes, the dynamics of pH decline, sodium chloride concentration, water activity, and the
physiological status of animals prior to slaughter, which determines muscle glycogen reserves and
the subsequent extent of post-mortem acidification [4, 5].
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The multifactorial nature of these processes complicates the standardization of technological
parameters, reduces the reproducibility of quality attributes, and necessitates extended maturation
times to achieve stable sensory and structural characteristics.

Contemporary development strategies in the meat industry focus on optimizing technological
processes, including shortening maturation periods, improving quality reproducibility, and ensuring
sensory consistency. In this context, particular attention has been directed toward approaches aimed
at intensifying enzymatic reactions through the application of controlled physical factors.

In recent years, ultrasound, pulsed and moderate electric fields, high hydrostatic pressure,
and supercritical carbon dioxide have been extensively investigated as tools for the targeted
modulation of biochemical processes in muscle tissue [5, 6]. According to current research, these
technologies can modify cell membrane permeability, induce the release of calcium-dependent
proteases, alter the conformational state of enzymatic proteins, and enhance substrate availability
for enzymatic interactions. Collectively, these effects contribute to the acceleration of proteolytic and
lipolytic transformations while preserving nutritional value and microbiological safety.

The integration of physical intensification methods with conventional fermentation and aging
strategies is therefore regarded as a promising direction for technological modernization in meat
processing. Systematizing current knowledge on their mechanisms of action and their impact on the
dynamics of proteolysis, lipolysis, and post-mortem structural modifications constitutes a necessary
prerequisite for the development of scientifically grounded models for the controlled fermentation of
meat products.

The objective of this review is to systematize contemporary technologies for the
intensification of enzymatic processes in the meat industry, to analyze their molecular and
biochemical mechanisms of action, and to evaluate their technological potential for industrial
application.

Materials and methods. The present review is based on a systematic analysis of scientific
publications addressing the intensification of enzymatic processes in the meat industry. Relevant
sources were identified through searches conducted in the international bibliographic databases
Scopus and Web of Science Core Collection. In addition, open-access search engines and academic
electronic libraries were used to retrieve publications not indexed in the aforementioned databases.
Statistical data from the Agency of Statistics of the Republic of Kazakhstan were used as
supplementary reference information where relevant.

The systematic search was carried out using keywords and their combinations reflecting the
scope of the study, including: enzymatic reactions, meat processing, process intensification,
ultrasound, pulsed electric fields, moderate electric fields, high-pressure processing, supercritical
CO,, proteolysis, lipolysis, postmortem metabolism, and fermented meat products. The publication
period was restricted to articles published between 1 January 2018 and 1 February 2026.

The initial screening of publications was performed through analysis of titles and abstracts to
assess their relevance to the intensification of enzymatic processes in meat systems. The review
included experimental and analytical studies focusing on the application of physical treatment
methods influencing proteolysis, lipolysis, and post-mortem biochemical transformations.
Publications not related to the meat industry or lacking sufficient scientific rigor were excluded from
consideration.

Results and Discussion. Analysis of recent studies indicates that the intensity of post-mortem
enzymatic transformations is primarily governed by the activity of endogenous proteases and
lipases, as well as by technological processing conditions. In particular, the activity of the calpain
system during the early post-mortem period has been shown to correlate with the rate of degradation
of structural myofibrillar proteins, thereby determining meat texture and influencing its mechanical
properties [7, 8].

These findings are further supported by experimental evidence demonstrating that variations
in the kinetics of post-mortem pH decline and temperature regimes are associated with differences
in calpain and cathepsin proteolytic activity. Consequently, heterogeneous modification of
sarcoplasmic and myofibrillar proteins directly affects tissue toughness and the rate of structural
relaxation [9]. Thus, the dynamics of post-mortem acidification play a decisive role in determining
the extent of proteolytic modification and the degree of muscle fiber disintegration.

During subsequent aging, endogenous proteolytic mechanisms may be complemented by
exogenous enzymes and microbial activity, which contribute to further degradation of connective
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tissue and muscle proteins. This synergistic action enhances tenderization and promotes the
development of a more pronounced flavor profile.

In fermented meat products, endogenous post-mortem processes are augmented by
microorganisms originating from the natural microbiota of raw meat and by deliberately inoculated
starter cultures. The most commonly used microorganisms in the meat industry include lactic acid
bacteria (e.g., Lactiplantibacillus plantarum, Lacticaseibacillus sakei, Pediococcus spp.), Gram-
positive catalase-positive cocci (Staphylococcus carnosus, Staphylococcus xylosus), as well as
yeasts and molds [10, 3].

Recent studies emphasize that microbial metabolites produced during lactic acid bacterial
fermentation may exert pronounced antimicrobial activity and technological stabilization effects
without the need to introduce viable cells. This approach is considered promising for the
development of “clean-label’” meat products [11, 2].

The potential of starter cultures in reduced-nitrite meat processing has also been
demonstrated. In one study, the incorporation of a mixed culture of Limosilactobacillus fermentum
and Staphylococcus carnosus enabled a reduction in sodium nitrite levels during meat curing without
deterioration of technological or sensory properties [12]. The addition of approximately 107 CFU/g in
combination with 50 mg/kg NaNO,, resulted in a statistically significant decrease in residual nitrite
and nitrate levels (p < 0.05), while simultaneously increasing nitrosyl pigment formation and
improving redness compared with both reduced and standard nitrite treatments (100 mg/kg).
Sensory and microbiological parameters remained comparable to control samples, supporting the
feasibility of microbial cultures as partial substitutes for synthetic preservatives without compromising
product quality and safety.

Alongside microbial mechanisms, alternative sources of exogenous proteases are actively
explored to achieve more pronounced intensification of proteolysis. Among plant-derived enzymes,
cysteine proteases such as papain (Carica papaya) [13], bromelain (Ananas comosus) [14, 15], and
ficin (Ficus carica) [16] are widely applied due to their strong activity toward myofibrillar and
connective tissue proteins. In experimental studies on beef steak, bromelain demonstrated a more
controlled proteolytic effect and superior sensory performance compared to papain [14].

The mechanism of action of these plant enzymes involves nucleophilic attack by the thiolate
group at the active site on peptide bonds, resulting in intensive hydrolysis of structural proteins,
reduction of muscle toughness, and disruption of collagen fibers. However, their relatively low
substrate specificity may lead to excessive degradation of the protein matrix and the development
of a pasty texture when optimal dosages are exceeded. Moreover, excessive proteolysis has been
shown to negatively affect water-holding capacity and structural integrity [17,18].

An additional limitation is the sensitivity of the thiol group in the active center to oxidation and
thermal effects, which complicates the maintenance of a stable technological outcome.

To systematize the biological factors used for enzymatic process intensification in meat
technology, Table 1 summarizes the principal groups of plant proteases and starter culture
microorganisms, their mechanisms of action, and their technological effects.

Despite the potential of endogenous enzymatic systems, exogenously added proteases, and
metabolically active starter cultures, the extent and direction of proteolytic and lipolytic
transformations in meat systems largely depend on processing conditions. In this context,
environmental parameters — including temperature, pH, water activity (aw), salt concentration, and
aging regimes — act as key factors modulating enzyme activity, microbial viability, and substrate
availability [19, 20].

An increase in temperature accelerates proteolysis and lipolysis; however, exceeding optimal
levels may result in uncontrolled degradation of the protein matrix. Conversely, a reduction in water
activity and changes in ionic strength limit enzyme mobility and substrate diffusion, thereby slowing
biochemical reactions. Thus, technological parameters simultaneously function as regulatory tools
and limiting factors of enzymatic transformations.

Consequently, there is a growing need to develop controlled intensification strategies capable
of regulating the rate and direction of biochemical processes without compromising nutritional value
or microbiological safety. In recent years, particular attention has been directed toward physical
treatment methods capable of modifying the structure of the protein matrix and the activity of
enzymatic systems in muscle tissue.
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Table 1 — Plant-derived exogenous enzymes and starter culture microorganisms applied in

meat technology

A)Plant proteases (exogenous enzymes)

Fsr(])i{rcnei Class / Targets Main Technological Effect Risks / Limitations References
Papain Cysteine protease; | Intensive proteolysis — | Low substrate specificity — [17], [13]
(Carica myofibrillar and tenderization and acceleration | risk of pasty texture at
papaya) partially connective | of aging; increased levels of | excessive dosages;

tissue proteins low-molecular-weight peptides | sensitivity of the —SH group
and free amino acids (FAAs) to oxidation and thermal
exposure
Bromelain | Pineapple-derived | More controlled tenderization; | Excessive application may [18], [14],
(Ananas proteases; active improvement  of juiciness, | cause over-proteolysis and [15]
comosus) | against muscle tenderness, and overall | structural deterioration;
proteins, elastin, acceptability under optimized | activity strongly dependent
and collagen marination conditions on pH, temperature, and
(depending on dosage
conditions)
Ficin Cysteine protease; | Mild tenderization and | Careful optimization of [16], [17]
(Ficus muscle and matrix | proteolysis; in formulations | dosage and treatment time
carica) proteins incorporating plant ingredients | required; activity varies
(e.g., fig powder) may improve | depending on the product
the quality of fermented | matrix
products
(B) Starter Culture Microorganisms Used in Fermented and Dry-Cured Meat Products
Remarks on
. . Processing
Group / Species Key Enzymatic Functions Technol_og|ca| Effects Conditions (pH, References
(examples) (Quality / Safety)
aw, salt,
temperature)
Lactic Acid Bacteria | Rapid acidification ({pH); | Biopreservation; Strongly [10], [3], [2]
(LAB): proteolysis/peptidolysis inhibition of | dependent on
Lactiplantibacillus (contribution to FAAS); | pathogens; temperature, rate
plantarum, production of bacteriocins | fermentation of pH decline,
Latilactobacillus and organic acids stabilization; water activity (aw),
sakei, contribution to flavor | and salt

Limosilactobacillus
fermentum,
Pediococcus
acidilactici,
Latilactobacillus
curvatus

and
metabolic
intermediates

compounds

aroma

precursors of volatile

via | concentration;
activity may be

and | reduced under low
aw or high salt
conditions

Catalase-positive

Nitrite reductase activity

Improvement of color

Require controlled

[12], [3]

COCCi (CNS): | (color stability; enhancement | salt concentration
Staphylococcus formation/stabilization); of aromatic profile via | and temperature;
carnosus, S. xylosus, | catalase (loxidation); | secondary sensitive to
(occasionally lipolysis and proteolysis | metabolites; reduction | aggressive
Kocuria varians) (aroma development) of oxidative defects; | curing/aging
technological regimes
compatibility with LAB
Yeasts: Proteolysis/peptidolysis; Enhancement of | Strongly [3]
Debaryomyces contribution to volatile | aroma; reduction of | dependent on aw
hansenii (commonly | compound formation; | surface defects; | and salt; surface
used in dry-cured | lactate utilization; surface | gradual moderation of | aeration is
products) stabilization excessive acidity essential
Molds:  Penicillium | Surface enzymes | Stabilization of | Requires controlled [5]
nalgiovense (surface | (proteases/lipases); ripening; development | humidity and
inoculation) antioxidant and barrier | of aged flavor; surface | aeration; risk of
effects; competitive | protection defects under
inhibition of undesirable improper
microflora environmental
control
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Ultrasound (US)

Ultrasound treatment is considered one of the most promising physical methods for
intensifying biochemical processes in the meat industry. Its mechanism of action is based on
acoustic cavitation generated during the propagation of low-frequency waves (20-100 kHz) in a liquid
medium. During alternating compression and rarefaction cycles, cavitation bubbles are formed; their
growth and collapse generate localized extreme temperatures and pressures, shock waves, and
microjets, resulting in pronounced mechanical and physicochemical effects on muscle tissue
structure [21]. The combined cavitational, mechanical, and localized thermal effects constitute the
basis for targeted microstructural modification, enhanced diffusion phenomena, and activation of
enzymatic systems.

Within technologically relevant parameter ranges, ultrasound is capable of disrupting the
ultrastructure of muscle fibers and increasing the permeability of cellular and lysosomal membranes,
thereby facilitating the release of intracellular enzymes and substrates [22]. Cavitation has been
shown to modulate endogenous protease activity through multiple mechanisms. For example,
ultrasound treatment of salted pork resulted in pronounced myofibrillar fragmentation and lysosomal
disruption, leading to increased release of cathepsins B and L and accelerated proteolysis [23].

Similarly, peptidomic analyses of ultrasound-treated bacon revealed increased
concentrations of low-molecular-weight peptides and flavor-active compounds [25]. Additional
studies confirmed enhanced degradation of myofibrillar and sarcoplasmic proteins following
ultrasound application, accompanied by elevated levels of free amino acids (e.g., Glu, Ala, Thr) and
oligopeptides [25, 26].

Ultrasound-induced cavitation also increases membrane permeability and promotes
extracellular Ca?* influx, thereby facilitating activation of y- and m-calpains. It has been demonstrated
that elevated intracellular Ca?* levels following ultrasound exposure stimulate the calpain system
and accelerate hydrolysis of structural proteins such as actin and myosin, ultimately improving
textural properties [27]. Thus, ultrasound intensifies proteolysis via both lysosome-dependent and
calcium-dependent pathways, involving cathepsin and calpain enzyme systems.

In contrast to conventional technologies primarily relying on thermal treatment and microbial
fermentation, ultrasound operates through cavitational, mechanical, and localized thermal effects,
enabling more rapid and precise modulation of biochemical processes [24]. When parameters are
optimized, ultrasound accelerates flavor development with reduced dependence on prolonged aging,
while preserving nutritional and sensory attributes.

Beyond its effect on endogenous enzymes, ultrasound enhances the efficiency of exogenous
proteases. Cavitation-induced disruption of Z-lines and collagen structures in the bovine longissimus
lumborum muscle has been shown to facilitate papain penetration into deeper tissue layers and to
accelerate the formation of low-molecular-weight peptides [28]. Furthermore, ultrasound has been
reported to induce peptide chain unfolding and increase substrate accessibility, thereby enhancing
the release of flavor-active amino acids (e.g., Asp, Glu) [29]. This synergistic effect is attributed to
improved mass transfer and increased exposure of protein active sites.

Ultrasound may also influence lipolytic processes. Disruption of membrane structures and
modification of the substrate microenvironment enhance lipase access to triacylglycerols and
phospholipids, potentially intensifying lipolysis and the formation of aroma precursors [30].
Consequently, ultrasound is capable of modulating both proteolytic and lipolytic pathways, exerting
a comprehensive effect on the development of the flavor profile.

Consequently, ultrasound is capable of modulating both proteolytic and lipolytic
transformations, thereby exerting a comprehensive influence on flavor development. The practical
relevance of this mechanism becomes particularly significant in the processing of meats
characterized by a pronounced specific aroma, where the controlled formation and transformation of
volatile compounds are critical determinants of consumer acceptability. In the context of lamb
processing — widely represented in the structure of red meat consumption in the Republic of
Kazakhstan — ultrasound may be regarded as a tool for targeted modification of lipid and protein
fractions involved in the formation of the characteristic ovine aroma. Controlled intensification of
lipolysis and subsequent transformation of free fatty acids may potentially regulate the balance of
aroma precursors, reducing the intensity of undesirable sensory notes while preserving the
traditional qualities and cultural identity of the product.
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Despite its demonstrated efficacy, excessive ultrasound intensity may promote lipid and
protein oxidation, reduce the stability of volatile compounds, and generate variability in textural
attributes due to localized extreme cavitation effects.

Practical limitations include the relatively high energy demand of the process; as stable
cavitation requires high-power equipment. A portion of acoustic energy dissipates as heat, resulting
in localized temperature increases and necessitating additional thermal control, thereby increasing
total energy consumption within the production line [22].

Scale-up from laboratory to industrial applications presents additional challenges. Non-
uniform distribution of the ultrasonic field in bulk material — particularly in large muscle cuts — often
requires multi-probe or flow-through system configurations [21], increasing both energy consumption
and capital investment. Moreover, the absence of universal processing regimes for different meat
types complicates standardization and necessitates further optimization considering tissue
morphology and physicochemical characteristics.

Overall, further advancement of ultrasound technology in meat processing requires
parameter optimization, deeper investigation of molecular mechanisms, and the development of
energy-efficient industrial systems that ensure process controllability, reproducibility, and sensory
stability.

High-Pressure Processing (HPP)

High-Pressure Processing (HPP) is a non-thermal technology based on the application of
uniform isostatic hydrostatic pressure in the range of 300-700 MPa for short durations (seconds to
minutes), typically using water as the pressure-transmitting medium [31].

A major advantage of HPP is the ability to perform treatment at ambient or reduced
temperatures, thereby preserving the sensory and nutritional characteristics of meat products. In
contrast to ultrasound, HPP is not associated with cavitation phenomena; instead, its effects result
from the uniform transmission of pressure throughout the product according to Pascal’s principle.
The primary effects include denaturation of membrane proteins, disruption of membrane integrity,
increased cellular permeability, conformational modifications of proteins, and inactivation of certain
enzymes and vegetative microorganisms [32]. For this reason, HPP has traditionally been applied
as a cold pasteurization technology. However, increasing attention has recently been directed toward
its potential to modulate enzymatic processes in meat systems.

The influence of HPP on enzymatic systems strongly depends on processing parameters
such as pressure level, temperature, and treatment time. At moderate pressure levels, stimulation
of certain enzymatic reactions may occur, whereas higher pressures often lead to enzyme
denaturation. For example, moderate pressure treatment (130 MPa at 10 °C) has been shown to
promote metmyoglobin reduction through activation of the enzymatic redox system, thereby
enhancing meat redness [32]. However, increasing pressure beyond optimal levels resulted in
impaired enzymatic activity.

It has also been reported that treatment at 600 MPa for 6 minutes in dry-cured ham increased
lipid oxidation intensity while reducing aminopeptidase activity, suggesting partial enzyme
denaturation at high pressures [33]. Thus, depending on processing intensity, HPP may either
modulate or suppress proteolytic and lipolytic reactions.

The effect of HPP on meat tenderness is associated with pressure-induced enzyme release
at specific pressure levels, followed by maintenance of enzymatic activity during subsequent holding
under controlled time—temperature conditions [34]. Combined application of papain and HPP has
been shown to significantly reduce shear force and enhance meat tenderization [35].

In addition, HPP can be applied to improve lower-value cuts by inducing structural
modification of muscle tissue and enhancing gel formation in processed meat products. This
contributes to the development of stable protein matrices with improved water- and fat-holding
capacity [34].

Considering the high consumption of red meat (beef, lamb, and horse meat) in Kazakhstan
[36], along with the extensive use of cuts containing high levels of connective tissue, increasing the
consumer value of tougher and less demanded carcass portions represents an important
technological objective. In this context, HPP can be regarded as a value-added processing tool,
enabling targeted reduction of shear force and formation of stable protein structures in minced and
restructured products, thereby improving water and fat retention, processing yield, and textural
uniformity [33].
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Despite its technological potential, HPP applications in this field remain limited at the
industrial scale due to technical complexity and the need for substantial adaptation of production
lines. The labile nature of muscle proteins makes fresh tissue highly sensitive to pressure —
temperature-time combinations. Depending on processing parameters, undesirable changes in
appearance, color, and texture may occur, thereby restricting broader industrial adoption [37].
Furthermore, elevated pressures may accelerate lipid oxidation and inactivate beneficial enzymatic
systems.

Overall, High-Pressure Processing represents a powerful tool for controlled modulation of
protein and enzymatic systems in meat tissue. Unlike ultrasound, which primarily acts through
localized mechanical disruption and enzyme activation, HPP exerts isotropic conformational effects
on molecular structures, resulting in either enhancement or suppression of enzymatic reactions
depending on the selected processing regime. The technological promise of HPP lies in its capacity
to enable controlled modulation of proteolysis, color formation, and texture development, provided
that parameters are carefully optimized and the process is effectively adapted for industrial
implementation.

Electrical Stimulation (ES)

Electrical Stimulation (ES) is a post-mortem technology based on the application of electrical
impulses to carcasses in order to accelerate biochemical processes and improve meat quality
attributes. At the industrial scale, high-voltage electrical stimulation (HVES; 450-3600 V) is widely
applied to enhance tenderness and improve the technological properties of beef and lamb [38].

High-voltage electrical stimulation induces intensive muscle contractions during the early
post-mortem period, leading to accelerated ATP depletion, activation of glycolysis, and a more rapid
decline in pH. As a result, rigor mortis develops at a relatively higher muscle temperature, reducing
the risk of cold shortening and contributing to improved tenderness.

A key biochemical effect of ES is the enhanced release of Ca2?* from the sarcoplasmic
reticulum due to electrically induced muscle contractions. This process activates the calpain system
and accelerates proteolytic degradation of myofibrillar proteins [38]. In contrast to ultrasound
treatment — where increased Ca?* levels are primarily associated with enhanced membrane
permeability and mechanical disruption of intracellular structures — electrical stimulation triggers a
physiologically mediated release of calcium ions characteristic of muscle contraction [39]. Thus,
calpain activation during ES occurs within the framework of the muscle’s natural contraction
mechanism.

The effect of pulsed electric fields (PEF; 2.5-10 kV; 50-90 Hz) on the Longissimus dorsi
muscle during a 21-day aging period has also been investigated [40]. A moderate increase in calpain
activity and enhanced proteolysis of Troponin-T were observed, indicating the potential of PEF to
accelerate tenderization; however, no pronounced effect on shear force was detected.

Other authors [41] demonstrated that treatment of lamb with electric pulses (1-1.4 kV/cm)
was associated with increased levels of free amino acids and enhanced release of cathepsins,
suggesting stimulation of enzymatic processes. Simultaneously, a reduction in fatty acid content was
observed, attributed to intensified lipid oxidation. Therefore, the effectiveness of PEF depends on
field strength and the stage of post-mortem aging.

Moderate Electric Fields (MEF; 1-1000 V/cm; 50-25,000 Hz) represent a technology
combining membrane electroporation with controlled ohmic heating generated by alternating current
passing through biological tissue [42]. In contrast to high-energy pulsed regimes, MEF provides a
milder yet controlled impact on muscle structure.

Application of MEF is accompanied by increased membrane permeability, accelerated post-
mortem glycolysis, and a faster decline in pH (to values below 6.0 before muscle temperature
reaches approximately 10°C), thereby optimizing early post-mortem processes [39]. In addition,
electroporation induces intracellular Ca?* release, activating calpains and enhancing proteolytic
degradation of myofibrillar proteins during aging [36].

From a technological perspective, the combined application of electrical stimulation, PEF,
and MEF contributes to accelerated pH decline, reduced risk of cold shortening, intensified
proteolysis, improved tenderness, and shortened aging time. However, the magnitude of these
effects critically depends on field strength, frequency, temperature, and treatment duration. Under
uncontrolled conditions, excessive pH decline, intensified oxidative reactions, and deterioration of
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color characteristics may occur, limiting the universality of the technology and necessitating strict
optimization of processing parameters.

Supercritical Fluids (SC-CO5)

Supercritical fluids, predominantly supercritical carbon dioxide (SC-CO,), represent a
technology based on the use of CO, above its critical parameters (Pc = 73.8 bar; Tc = 31.1 °C). In
this state, the substance exhibits combined properties of a gas (high diffusivity) and a liquid (solvent
capacity), enabling intensive mass transfer and selective interaction with biological matrices [43].
Although the primary application of SC-CO, in the food industry has traditionally been the extraction
of target compounds, increasing attention is being directed toward its potential for modification of
meat systems, including lipid, microbial, and structural components.

Of particular relevance to the meat sector are studies investigating the use of SC-CO, for
lipid extraction. Research has demonstrated that supercritical CO, effectively extracts lipids from
pork and lamb tissues [44]. Owing to its selective solubility toward nonpolar compounds, the
technology may be applied for controlled defatting of meat raw materials, partial modification of lipid
profiles, and recovery of functional lipid fractions. Additionally, SC-CO, has been used for the
extraction of trace amounts of antibiotics from meat matrices [43], highlighting its potential in food
safety and quality control. These findings indicate that the technology can efficiently penetrate dense
muscle tissue and interact with intramuscular components without causing pronounced thermal
degradation of structural integrity.

Particular practical interest lies in studies exploring the combined application of SC-CO, with
other physical methods. In the same study [45], SC-CO, in combination with ultrasound and
physiological saline was applied for the inactivation of Escherichia coli in dry-cured ham. Effective
microbial decontamination was achieved without significant alterations in color, texture, or pH. This
result is particularly important, as it demonstrates the possibility of mild non-thermal stabilization of
meat products while preserving sensory characteristics.

Other authors [46] investigated a combined ultrasound and SC-CO, technology during drying
of chicken breast. The integrated approach achieved inactivation of mesophilic microbiota, yeasts,
molds, and Salmonella spp., while preserving protein nutritional value and minimizing thermal tissue
damage. Thus, SC-CO,, particularly when integrated with complementary technologies, functions
as a tool for controlled microbial stabilization and structural modification of meat systems. Due to its
high solubility in the aqueous phase of muscle tissue and its ability to form carbonic acid, SC-CO,
can alter the microenvironment of the protein-lipid matrix, affect membrane permeability, and
influence the kinetics of enzymatic reactions.

Industrial implementation of supercritical CO, in meat processing remains limited by high
equipment costs and the requirement for operation under elevated pressures, which complicate
process scale-up and increase energy consumption [39]. Furthermore, the limited number of studies
specifically addressing the impact of SC-CO, on muscle enzymatic systems, as well as the potential
for enzyme inactivation under extreme processing conditions, indicate the need for further parameter
optimization and deeper investigation of the molecular mechanisms underlying SC-CO,, interaction
with the meat matrix.

Overall, comparison of the discussed technologies highlights fundamental differences in their
mechanisms of action on the protein and lipid matrix of muscle tissue. A comparative analysis of
these physical methods is presented in Table 2.

The presented data indicate that the selection of an intensification method should be based
on the targeted technological outcome and the morpho-functional characteristics of the processed
raw material.

The application of starter cultures (LAB, Staphylococcus spp., yeasts/molds) and/or
exogenous plant-derived proteases, as well as the integration of physical intensification methods
(US, HPP, PEF/MEF, SC-CO,), expands the possibilities for targeted modulation of membrane
permeability, activation of Ca?*-dependent proteases, and alteration of protein conformational states.
Collectively, these approaches enhance quality reproducibility and enable shortening of maturation
time while maintaining sensory acceptability.

Nevertheless, large-scale industrial implementation remains constrained by technological
and economic factors, including high capital investment requirements (particularly for HPP and SC-
CO,), energy consumption, operational safety considerations associated with high pressures and
voltages, and the risk of undesirable effects under improperly optimized conditions (e.qg., intensified
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lipid oxidation, color instability, excessive proteolysis, and loss of structural integrity in the case of
plant proteases).

Table 2 — Comparative mechanisms of action of physical methods for the intensification of
enzymatic processes in meat systems

Method Cellular / Structural Enzymatic Effect Technological References
Effect Outcome
Ultrasound | Cavitation, shock 1 Release of cathepsins | 1 Tenderness; 1 flavor- | [21], [22], [23],
(USs) waves, B/L (lysosomal); 1 Ca?* | active peptides and [26], [29]
microstreaming; influx and activation of p- | FAA; accelerated
increased and m-calpains; | development of flavor
permeability of intensified  proteolysis | profile; enhanced
cellular and and accumulation of | efficacy of exogenous
lysosomal peptides and FAA proteases
membranes;
enhanced diffusion
High- Isotropic pressure Modulation of enzymatic | “Cold pasteurization”; | [31], [32], [33],
Pressure (300-700 MPa); activity: under moderate | effects on [34]
Processing | protein regimes, activation of | color/redness; texture
(HPP) conformational specific systems | modification; controlled
changes; membrane | possible (e.g., MetMb | structuring/gelation;
disruption; altered reduction); under high | tenderization potential
membrane pressures, enzyme | for low-value cuts
permeability inactivation (e.q.,
aminopeptidases) and
increased oxidative
reactions
Electrical HVES: intensive T Ca** release and || Risk of cold | [38],[39], [40],
Stimulation | contractions, calpain activation; | shortening; [41]
(HVES / accelerated accelerated proteolysis | accelerated aging; 1
PEF / MEF) | glycolysis and pH of myofibrillar proteins; | tenderness; effect
decline; PEF/MEF: under PEF, possible | critically depends on
membrane release of cathepsins | processing parameters
electroporation; MEF | (regime- and aging | (voltage/frequency/tem
additionally induces stage-dependent) perature/time)
ohmic heating
Supercritic | High diffusivity and Direct evidence on | Lipid/fraction [43], [44], [45]
al CO, selective interaction; muscle enzymatic | extraction; reduction of
(SC-COy) extraction of lipids systems remains limited; | undesirable trace
and technologically relevant | components; microbial
microcomponents; effects include extraction | inactivation while
when combined with | and microbial | preserving
US - enhanced inactivation (especially in | color/texture/pH (under
mass transfer and combination with US) combined regimes)
microbial
destabilization

In this regard, the most promising practical trajectory lies in combined, selectively applied
solutions — particularly for premium products, clean-label segments, food safety enhancement, shelf-
life extension, or processing of low-value cuts — accompanied by strict parameter standardization
(P-T—t; E—f—t; ultrasound intensity; aw/NaCl/pH) and mandatory validation for specific raw materials
and processing schemes.

Under the conditions of Kazakhstan, the applied relevance of such approaches is further
strengthened by the structure of the raw material base and consumption patterns. The high
proportion of red meat (beef, lamb, horse meat) and the extensive utilization of cuts with elevated
connective tissue content generate demand for solutions that improve tenderness, water-holding
capacity, and technological yield without compromising traditional product identity. In this context,
controlled intensification of proteolysis and the formation of more stable protein matrices —
particularly through HPP and combined schemes involving ultrasound, electric fields, and starter
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cultures — may serve as a pathway for increasing the added value of tougher cuts and developing
product lines with more predictable sensory profiles.

An additional prerequisite for market acceptance of these technologies is appropriate
communication of their benefits. Labeling and informational elements should translate technological
terminology into consumer-relevant advantages (e.g., safety, quality stability, reduced nitrite/additive
levels, reproducible flavor and texture), thereby mitigating skepticism toward non-thermal processing
technologies.

Conclusion. The quality of meat products is determined by the multifactorial interaction of
post-mortem glycolysis, proteolysis, and lipolysis with technological processing parameters that
regulate the rate and direction of biochemical transformations within the protein-lipid matrix. The
synthesized evidence indicates that the combination of biotechnological tools (starter cultures,
microbial metabolites/postbiotics, exogenous enzymes) with physical intensification methods
(ultrasound, electric fields, high-pressure processing, and supercritical CO,) provides a scientifically
grounded framework for the controlled acceleration of aging and the targeted formation of desirable
sensory and textural attributes while ensuring microbiological safety. The practical potential of these
approaches lies in improving quality reproducibility and technological stability. However, their
broader industrial implementation requires careful optimization of processing regimes, thorough
assessment of risks associated with oxidative and structural defects, and the development of
standardized protocols tailored to specific raw materials and product categories.
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ET ©HEPKSCIBIHOE ®PEPMEHTATUBTIK NPOLECCTEPAI MUHTEHCE®PUKALUATIAYObIH
3AMAHAYU TEXHONOIMUANAPDI

QepmeHmamusmik peakuyusinap OynuwbikemiHiH emke mpaHcgopmayusinaHybiHOa XoHe em
6HIiMOepiHiH cana KepcemkiwmepiHiH KanbinmacyblHOa wewywi pen amkapadsl. [Tocmmopmem Ke3eHiHOe
XKYPemiH a7uKosnu3, rpomeosu3 xoHe nunonui ydepicmepi sHO02eHOi thepmeHmmep — KarnbrnauHoep,
KamericuHOep, amuHornenmuda3anap MeH funasanap — 9CepiMeH Xy3eae acblpbifibif, OHIMHIH KypbibiMObIK,
myc XoeHe 08M MeH Xow uicmik cunammamanapbiH alkbiHOalobl. AKybI3-nunudmik MampuKkcmiH KOoCbiMwa
mModucbukayusicbl cmapmmbIK KynbmypasapMeH, coHOal-aK KypblibiMObIK XOHE CEeHCopribiK Kacuemmepdi
pemmey MakcambiHOa KondaHbliamblH 6ciMOiKmeKkmi 3k302eHOi npomeasanap apKblibl KaMmamachbi3
eminedi. OnapdbiH 6enceHdiniai epKiH aMUHKbIWKbIIOapbIHbIH, nernmudmepldiH XoHe eHIMHIH 63iHOik 0oMi MeH
Xow UICIH KanbinmacmblpambiH YWKbIW KOCklIbiCMapObiH XuHakmarnybiHa biknan emedi. Anatda
epmeHmamuemik peakuusnapdbiH maburu xblrdamdbirbl XoHe onapdbiH pH, memnepamypa, my3 menwepi
meH cy 6ernceHdinieiHe mayendi Kypleni pemmenyi 6ackapbliamblH UHMeHcugukayusnay odicmepiH
KondaHyOb! manan emeoi.

fbimbiMu  wonyda em eHepkacibiHde ¢epmeHmamusmik ydepicmepdi xedendemyzse xXoHe
OHmMaunaHobipyra barbimmarnraH UHHOBAUUSbIK MexHoroausiiap canacblHOarbl 3amMaHayu  FbliibiMu
xemicmikmep xyleneHeeH. YnbmpadbeibbicmbeiH (US), umnynscmik (PEF) xeHe opmawa 3nekmp
epicmepiHiH (MEF), »xofapbi eaudpocmamukainbiK KbiCbiMHbIH (HHP), coHOal-ak aca Kpumukasibik
KeMipKbIwKbIn 2asbiHbiH (SC-CO,) npomeasanapdbi benceHdipy, miHOepdiH emki3zilumiaiH apmmabipy XoHe
epmeHmmik 6enceHOinikmi pemmey myprbiCbiHOarbl 9Cepi Kapacmbipblinadbl. PepmeHmamuemik emec
UHMeHcucpukayusnay odicmepiH 0OGacmyprni epMeHmayusi xoHe xemindipy mexHomnoausinapbiIMeH
blKnandacmbipy eHOipicmik  UUKNOIH KbICKapybiHa, carnaHbiH MmypakmblibifblHbIH apmyblHa XXoHe
yHKUUOHandbIK em eHimOepi accopmuMeHmiHiH KeHeroiHe MyMKiHOIK 6epemiHi alikbiHOanadbl. ¥CbiHbIFaH
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myXXbipbiMOap em eHepkacibiHOeai hepmeHmauusi xoHe xemindipy ydepicmepiH XaHfFblpmyFa apHasiraH
FblNbIMU Hezi3denzeH bardapriamanapibl a3ipsieydiH MeopusinbIK He2i3iH Kanbinmacmbipadsbi.

TyiiH ce3dep: epmeHmamuemik yoepicmep, em eHepKsacibi, npomeonus, nunoau3,
UHMeHcugukayusnay.

M.M. LapanatoBa*, K. UcaeBa
TopalrbipoB yHMBEPCUTET,
140000, MNMaenoaap, Pecnybnuka KasaxcraH, r. MaBnogap, yn. Jlomoea, 64
*e-mail: madina_szd@mail.ru

COBPEMEHHbIE TEXHOJIOM'MU UHTEHCU®UKALIUN ®EPMEHTATMBHbIX MPOLIECCOB
B MACHOMU NPOMbBILUNEHHOCTH

®epmeHmamusHbie peakyuu uesparom KIoHeayro posib 8 mpaHcghopMayuu MbILWEYHOU MKaHU 8 MSCO
u ¢ghopmuposaHuu rokasamersiel Kadecmea MsICHbIX Mpodykmos. [locmmopmeMHble MPOoUecChl e/luKonu3a,
npomeonu3a u Jurnonusa, ornocpedosaHHble OelicmeueM 3HOO2EHHbIX (QEPMEHMO8 — KallblauHos,
KamericuHos, amuHorenmuda3 U Jjunas, onpedensiom MmeKkcmypy, usem U 8KyCO-apoMamu4yeckue
xapakmepucmuku  npodykyuu. [HononHumernbHas  molucbukauyusi  6es1Ko8o-nunudHoO20  Mampukca
obecrieyusaemcsi ¢hepMeHmamMu  CmMapmMoBbIX Ky/Abmyp, a MmakxXe 9K302eHHbIMU rpomeasamu
pacmumersibHO20 MPOUCX0XOeHUsI, MPUMeHsIeMbIMU Ol peayiuposaHusi CMPYKMYPHbIX U CEHCOPHbIX
ceolicme. MIx akmusHOCcmb criocobecmeyem HakomnmneHur c80600HbIX aMuHOKUCom, nenmudos u fgemy4yux
coeOQuHeHuUU, hopMupyrWUX XxapakmepHbIl npogurk ekyca u apomama. OOHaKko ecmecmeeHHasi CKopoCcmb
epMmeHmMamugHbIX peakyul U CIIOXHOCMb UX KOHMPOJis, obycrosneHHble snusHuem pH, memnepamypsi,
colfepxaHus conu U 800HOU akmueHocmu, mpebyom fpuMeHeHUss Memodo8 yrnpasngemol
UHMeHcugukayuu.

B 0630pe 0606uweHbl cospeMeHHbie OGocmuxeHuss 8 obracmu UHHOBAUUOHHbLIX MexHosoaud,
HaripassieHHbIX Ha YCKOpeHUe U ornmumu3ayuro (pepMeHmamueHbIX Mpoueccos8 8 MSICHOU MPOMbIWIEHHOCMU.
Paccmampusaemcs enusiHue ynbmpa3ssyka (US), umnynbcHbix (PEF) u ymepeHHbIX anekmpudeckux noneu
(MEF), sbicokoaudpocmamuyeckozo 0aeneHus (HHP) u ceepxkpumuyeckozo CO, (SC-CO;) Ha akmusayuto
npomeas, noebiueHue MPOHUYaeMocmu mkaHel U MOOynsayu epMeHmamueHoU aKkmueHOCMU.
lModuépkusaemcs, 4mo uHmMezpayuss HeghepmeHmMamueHbIX MemMo008 UHMeHcuguKayuu ¢ mpaduyUuOHHbIMU
mexHonosuaMU  ¢hepMeHmayuu U CcO3pesaHusl  OMKpbleaem  803MOXHOCMU  COKpauwjeHusi
pou380dCMEEeHHO20 UuUKIa, MoebllWeHUsT cmabunbHOCMU Kadecmea U paclWupeHusi accopmumeHma
yHKUUOHaNbHbIX MSCHbIX podykmos. [lpedcmaeneHHble 0606WeHUs hopMUpyOm meopemuyecKyro
OocHogy 05151 pa3pabomku Hay4yHO OBOCHOBaHHbLIX rpoepamMM MOOEpHU3auuU npouyeccos gepmeHmayuu u
co3pesaHusi 8 MSCHOU MPOMbILUIEHHOCMU.

Knroyesbie criosa: chepmMeHmamusHble [POUECChI, MSCHas MPOMbIWIEHHOCMb, [POMeOosiu3,
1unonu3, UHMeHcuguKayus.
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A K. MyctadhaeBa’, P. Ackap!, LLI. Coken?, E.B. MyTanues?, 5. A6annoBaZ
1CekeH CeldpynnuH aTbiHAarbl Kasak arpoTexHukanblK 3epTTey YHUBEPCUTETI,
010011, Kasakctan Pecnybnukacbl, ActaHa kanacbl, XXeHic AaHfbinbl 62
?|llokepiM yHMBEPCUTETI,

071412, KasakctaH Pecnybnukacbl, Cemen k., MnHka k-ci, 20 A
*e-mail: ayaulym.mustafa@mail.ru

¥NTTbIK CYTKbIWKbIJ1Abl ©HIM ©HAIPY TEXHOJIOINACHI

AHOamna: byn fbinbiMu  XKyMmbicma mytie CymiHiH OGUOXUMUSINIbIK XXOHE MeXHOs02USsIbIK
apmbIKWbINIbIKMapbiH ecKepe ombIpbifl, KenmipifizeH 6piK KOCblafaH YImmbIK Kypm 6HiMiH eHOIpy
mexHoroausicbl 83iprieHdi. 3epmmey bapbicbiHOa mytie CcymiHiH ¢bu3uka-XuMUsisibiK Kacuemmepi, OHbIH
awbimyra Konaunel mabursu rnapamempriepi xoHe Kypm dalibiHOay muimOiniei mandaHObl. KenmipinzeH
epikmiH maramObiK xoHe (YyHKUUOHanObIK Kacuemmepi aHbikmanalobl, aman admkaHOa maburu KaHm,
Kanud, B-KapomuH XoHe rnekmuHoep KypmmablH canasblK KepcemkilumepiH apmmbipy YWiH KorndaHbliobl.

3epmmey xymbicbl OallbiH OHIMHIH XUMUSIZIbIK KypambiH, OpeaaHosenmukasnsiK beneinepix,
bIIFanObINblfbiH, KbIWKbIIObIIbIFbIH, 08PYMEHOIK KypaMblH XoHe 3HepaemuKarblK KYHObIbIFbIH aHbIKmayobl
Kammuobi. 3%, 5%, 7% kenmipinazeH epik KocbkinFaH yreainep cansicmbsipMmarsl mypde 3epmmendi. OnapobiH
iwiHeH 5% kenmipineeH epikmi Hycka 0omOiK, KypbiribIMObIK xoHe 0apymeHOIK Kypam bolibiHwa eH muimdi 0en
maHbindbl. TaHOan ansiHFaH yneideai B mobbiHbIH 0apymeHdik mobbl memeHOezidel Homuxe Kkepcemmi: B-
0,057+0,011, B,-0,208+0,085, Bs-4,22+0,818, Bs-0,3302#0,064, Bs-0,125+0,023.

FbIIbIMU XXYMbIC HOMUXXeCiHOe KenmipinzeH epik KocbliraH myle cymiHeH Kypm eHOIpYOiH fbiribiMu
HeeizderneeH MexHoNo2usinblK cynbackl YCbIHbIMbIMN, 6HIMHIH maraMOblK KyHObIbIFbl MeH (QYHKUUOHa0bI
KacuemmepiH apmmbipy mMymKiHOigi danendeHdi. Byn mexHonoausi ynmmabiK 6HIMOepOi XaHfFblipmyFra XoHe
onapdblH HapbiKmarbl cypaHbICbiH KeHelimyae MyMKiHOIK 6epedi.

TyliHn ce30ep: mytie cymi, cubip Cymi, yimmbIK CYmMKbIWKbLIIObI ©HIM, KYpm, KernmipinaeH epik.

Kipicne

Tamak eHimaepiH eHAipy canacbiHOa COHFbI Xbingapbl yHKUMOHaNabl 6afbiTTafbl YNTThIK
Taramgapabl fbifibIMU TYPFbIOAH XaHFbIPTY MEH OonapablH, Taramablk KACUETTEPIH apTThlpy Macerneci
©3eKTi 3epTTey HblCaHblHa arHanbin oTbIp [1]. Byn ypaic xanbIKkTbiH Tabufn, Guonoruansik 6enceHai,
Kayincia xeHe >KoFapbl KyHapribl eHiMaepre gereH CypaHbICbiHbIH apTyblMeH, coHAan-aK OacTypni
Taramgapabl XXaHa TEXHOMNOMMANbIK TOCINAEP apKblnbl XeTiNAipy KaxeTTinirimeH TyciHaipineai. Ocbl
BarbITTa CyT TyblHAbI BHIMAEPIH, 8cipece yNTTbIK Taramaap KatapblH KEHenTyre MyMKiHAIK 6epeTiH
TEXHONOrNANbIK LWelimaepai a3iprney — Kasipri TaFaMmTaHy fbifbIMbIHbIH MaHbI3Abl MiHOAETTEPIHIH
Oipi.

KasakcTaHHbIH Tabufn — KNUMAaTTbIK XaFdavbl TyrWe LapyallbifbiFblH JaMbITyFa eTe
Konamnel, ocipece Lo >aHe Lenent anmakrapga TyWe CyTi Herisri  ayblinwapyalbiblk
WukKi3aTTapblHblH OipiHe anHanFaH. Enpgeri Tynme 6acbl CaHblHbIH TYpakTbl ©Cyi Tyne CyTiH
OHEepKaciNTiK  eHAey TexHonornanapbiH XeTingipydi >K8He OHblH  Herizinge YNTThlK  opi
dyHKUMOHanNabIK eHiMAep acCopTUMEHTIH apTThipyabl Tanan eteqi [2].

Tye CcyTi — XUMUANBIK KypaMblHbIH, epeKLeniriMeH xoeHe 6uonornanslk 6enceHAainiriHiy
XKOFapblNbIfbIMEH TaHbifFaH Taburn eHiM. OHbIH, KypambiHAA XEHiNn CIHETIH akybi3gap, MMYHObIK
KacueTi KyLTi nakronepokcmnaasa xymneci, Temip, C 4apyMeHi xaHe KaHblKnaraH Maw KblLKblngapbl
MOor.

©A K. MycTtadpaera, P. Ackap, L. CakeH, E.B. MyTtanues, I'.6. Abgunosa, 2026
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