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Abstract

Various techniques have been devised to produce more nutritious meat and animal products.
Understanding the impact of meat aging and other processing processes on sensory quality is
crucial. To enhance the nutritional value and flavor of products, it is necessary to employ a variety
of technologies. This review highlighted the processes of aging, curing, and processing to create
the optimal product that meets market demand. High-intensity ultrasound (HIUS) and other
physical processing techniques along with wet and dry aging enhance the flavor and softness of
beef. The fascinating technique of sous vide cooking preserves the nutrition and sensory qualities
of food. Utilizing natural preservation techniques can extend the shelf life of beef products without
compromising their flavor. These techniques can enhance the range of organically fortified beef
products while preserving or enhancing their nutritional and sensory characteristics.

Introduction

Given the inherent susceptibility of meat-based goods to spoilage, preservation, processing, and
packaging methods have been continuously evolving to improve the quality and shelf life of meat.
Meat preservation is a significant industrial task that involves maintaining the nutritional and
sensory properties of food, as well as ensuring its safety. Furthermore, developing methods that
guarantee food safety satisfy customer desires, and preserve the nutritional content of conventional
beef products is crucial. Consumers nowadays prefer beef products that are less processed, have a
longer shelf life, and do not include preservatives (Gomez et al., 2020; Rana et al., 2014; Rima et
al., 2019; Sun et al., 2020; Das et al., 2022). To meet these requirements, many preservation
techniques have been utilized, such as freezing (Alam et al., 2023; Sharker et al., 2024),
refrigeration and aging (Son et al., 2024), irradiation (Hashem et al., 2022 and 2024, Islam et al.,
2019), and the inclusion of antimicrobials (Rai et al., 2014).

Meat can experience two primary forms of alterations, namely physical and chemical changes,
when subjected to preservation and processing methods. Physical adjustments refer to
modifications in the tissue structure that impact the visual appearance, size, texture, color, scent,
and flavor of the product (Lee et al., 2024; Beriain et al., 2018). During the dehydration process,
meat experiences surface moisture loss. Additionally, proteins undergo denaturation, resulting in
increased retention of moisture and fat. Furthermore, the addition of other components enhances
the functional characteristics of proteins (Gomez et al., 2020).

The nutritional content and quality of meat products may be impacted by various processing and
preservation tactics. The technical, microbiological, and health-conscious features of the product
are often taken into consideration while choosing the meat processing procedure. However, a
thorough and worldwide approach taking into account the changes in sensory and nutritional
qualities as well as consumer appeal is required when choosing a processing and/or preservation
method.

So, it is necessary to do thorough examinations on the utilization of various approaches for meat
preservation, as well as their impact on health and the environment, in order to meet customer
satisfaction. This review aims to provide an overview of the advancements in the meat processing
and preservation techniques and its effect on the nutritional value and sensory qualities.

Aging of meat

Meat aging is a traditional technique used for preservation. Meat aging is a prominent technique in
the meat industry for processing meat products, as it enhances the longevity, taste, succulence, and
tenderness of the flesh (Son et al., 2024; Terjung et al., 2021). Aging plays the main role in
manufacturing high-quality products (Mungure et al., 2020). Typically, there are two methods for
aging beef: wet aging and dry aging, both of which enhance flavor and increase the tenderness of
the flesh (Kemp et al., 2010). Wet aging beef involves placing it in a vacuum-sealed box and
storing it in a controlled atmosphere for a designated duration. Dry aging refers to the practice of
suspending beef carcasses, subprimals, or unpackaged primal cuts in a refrigerated chamber for a
period of several weeks or months. During this time, the temperature, humidity, and airflow are
carefully regulated (Stenstrom et al., 2014).
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Throughout the ages, the process of dry aging has been widely employed to preserve and enhance the tenderness of meat. Asian
countries, including Korea, Japan, Singapore, Taiwan, and Hong Kong, are showing significant interest in wet and dry aging.
Many high-end restaurants in these countries are now including dry-aged beef on their menus. The growing demand for dry-aged
beef has led to the emergence of a lucrative niche in the food service business in Korea (Savell, 2008). Figure 1 illustrates the
factors associated with meat aging for a better understanding on the subject.
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Figure 1. Factors mediating the aging process of meat.
Dry Aging

The process of dry aging whole meat cuts involves exposing them to a carefully controlled environment of temperature,
humidity, and ventilation for an extended period of time, often ranging from a few weeks to several months (Son et al., 2024).
These days, the meat business makes extensive usage of real-time monitoring and programmable logic controller-equipped
automated drying chambers. These chambers allow for the regulation of temperature, relative humidity, flow distribution, and
airflow rate in relation to the product's size, shape, structure, and moisture content (Hossain et al., 2024; Son et al., 2024). Meat
can have its taste and softness enhanced by dry aging. This technique increases softness by permitting connective tissues to be
broken down by the meat's natural enzymes (Warner, 2023). Additionally, the process can develop a desirable crust on the
exterior of the meat, which is trimmed away before cooking (Ribeiro et al., 2024). Key factors in dry aging include maintaining
proper temperature (usually slightly above freezing), humidity (generally around 80-85%), and air circulation. These conditions
help prevent spoilage while facilitating the enzymatic and biochemical changes that enhance the meat's flavor and texture (Son et
al., 2024). Table 1 provides an overview of the impacts of the dry aging process on meat quality along with other processing and
preservation techniques. Due to the concentrated nature of taste components and the proteolysis and lipolysis processes triggered
by water loss, dry-aged beef exhibits remarkable flavor and palatability (Gomez et al., 2020). Dry-aged beef and pig meat have
an umami flavor due to the high glutamate concentration (Hwang and Hong, 2020; Hossain et al., 2024; Kim et al., 2016). Meat
from cows and pigs is more succulent & juicier during dry aging (Beldarrain et al., 2020). Hyperspectral imaging is one new
non-destructive approach that may be used to conceptualize how water is distributed in meat after it's dehydrated, which can
assist improve the process. Researchers have successfully used the method on beef slices, where pixel-by-pixel photos were
captured at six distinct wavelengths at various times (Hashem et al., 2022).

Wet aging

Wet aging is widely used to improve meat quality e.g., tenderness and flavor and a reasonably inexpensive methodology where
meat is vacuum packed and refrigerated to stop bacterial growth and weight loss brought on by water evaporation (Hwang and
Hong, 2020). However, wet aging can only be successful with low residual pressures and temperature control at 0-2 °C (Son et
al., 2024). Wet aging is the most dominant packaging method in the current meat industry due to associated advantages less
weight and trim loss, less space required, adaptable to automation and extended shelf-life without sacrificing palatability traits
(Kim et al., 2019).

Wet-dry combined aging is a latest approach used to reveal most of the benefits from both of the methods for better rheological
and sensory characteristics of meat (Lepper-Blilie et al., 2016; Son et al., 2024; Smith et al., 2014). Studies have shown that the
pH and water retention capacity are improved over the aging process. Furthermore, it was determined that the tenderness and
level of oxidation were suitably balanced.

Noble processing techniques to aid meat aging and curing

Ultrasound (US) has been successfully used in meat processing along with aging or curing in the meat processing industry to
address several issues through the novel application of mechanical, chemical, and thermal influences on the muscle structure
(Barretto et al., 2023). On the other hand, high-intensity ultrasound (HIU) is a nonthermal method that became popular for
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producing naturally-tasting processed meat products (Son et al., 2024). In this method, sound energy is used lower than
microwave frequencies (10 MHz) and higher than the human audible range (>20 kHz) for tenderization of meat and shelf life
extension (Alarcon-Rojo et al., 2015). Both low-intensity (20-100 kHz) and high-intensity (>5 W/cm2 or 10-1,000 W/cm?) are
widely employed for processing pork meat (Ashokkumar, 2011). Alternative technologies like HIU have been explored to
enhance brining and lower the use of chemical additives/preservatives to maintain meat safety (Delgado-Pando et al., 2021;
Singla and Sit, 2021). HIU is appealing since it can especially lower the amount of sodium and phosphates used in cured pig
product processing (Zhang et al., 2021) and aids in producing meat products with clean labeling (Al-Hilphy et al., 2020; Rudy et
al., 2020).

For a short while, 350-600 MPa of pressure is applied on beef in order to extend its shelf life and ensure microbiological safety.
One non-thermal decontamination minimal processing method is high-pressure processing (HPP) (Abera, 2019). Isostatic
pressure is applied, and as pressure rises, the product's volume falls. High pressure causes the hydrogen and less strong ionic
connections to break, which denatures the protein by changing its quaternary structure and, at higher pressure ranges, its tertiary
structure. HPP has very little effect on the meat's nutritional content (Chen et al., 2020). Since covalent bonds are unaffected by
pressure, low molecular weight vitamins and flavorings remain intact (Rao et al., 2017). Meat products' ability to be more easily
digested may be enhanced by the use of high-pressure treatment. In the muscles treated at 600 MPa, this impact has been more
noticeable (Kaur et al., 2016; Xue et al., 2020). Meat protein undergoes modifications when the pressure exceeds 200 MPa.
These modifications include gelation, aggregation, and textural changes brought on by the formation and breaking of bonds
(Chen et al., 2016). Additionally, the effects change depending on the pressure's application range and timing. When the tertiary
and secondary protein structures break down while the fundamental structure remains intact, meat that has been exposed to high
pressure tends to adhere to a gel consistency. When pressure is applied, myoglobin's distinctive structure changes and takes on a
novel, less soluble protein form that has accumulated (Orlien et al., 2023; Chen et al., 2016). Meat becomes more pliable and
hence more tender (Warner et al., 2021). Because high pressure breaks meat's rod-like muscles, HPP tends to tenderize meat,
changing its texture (Gomez et al., 2020). HPP causes myofibrillar proteins to unfold, exposing hydrophobic and sulthydryl
groups to the surface. This causes helical structures to unravel and disulfide bonds to form, generating myosin oligomers (Chen
et al., 2016). According to Ma et al. (2020), there was a correlation found between oxidized, high pressure (400-600 MPa) beef
treated with HPP and browned, and livery tastes. This will affect how consumers and the market respond to the product. The
oxidative stress of meat is not immediately affected by HPP (Mia et al., 2023 and 2024). Compared to regular ham samples, the
HPP-treated ham samples were softer and had a lighter hue. According to some research, the best conditions for producing ham
were HPP at 500 MPa and a gentle heat treatment at 53 °C (Pingen et al., 2016).

Sous Vide and Low-Temperature Long-Time (LTLT)

Meat cooking offers several benefits, the most desired being uniform eating quality, enhanced softness, and regulated doneness.
The exact process is responsible for producing more soft meat at the ideal temperature (60 °C) and time, independent of the
animal's age, species, or muscle type, remains to be fully understood. Lowering the LTLT cooking temperature and holding time
increases the meat's juiciness, but in a limited temperature range, longer cooking times provide the cooked meat with the taste
and fragrance that are sought (Dominguez -Hernandez et al., 2014). Meat cooked at a lower temperature has a medium to lower
intensity of taste than meat cooked at a higher temperature. When meat with less connective tissue is cooked at 50-60°C, the
degree of tenderization is rather high. However, the lengthy cooking period reduces the forces keeping the myofibrils together in
aged meat, causing flesh disintegration upon shearing. Even when the cooking temperature is lower than the temperature at
which denaturation occurs, prolonged heating causes the protein to become denatured (Dominguez-Hernandez et al., 2014).

A novel cooking method called sous vide or vacuum cooking is typically employed in the food service industry to create dishes
of superior quality (Latoch et al., 2023). Food is vacuum-packed in a heat-stable plastic pouch and then allowed to incubate at
low temperatures (53—-81°C) in a water bath under carefully regulated circumstances. A longer cooking time results in a lower
cooking temperature being maintained. This method enhances the cooked meat's organoleptic properties while preserving a
consistent meat quality. Beef prepared sous vide has a redder and softer texture than beef cooked in a traditional manner. Meat's
physicochemical properties and palatability are influenced by cooking time and temperature in a comparable way (Park et al.,
2020). These processes culminate in the creation of granular fibers. Higher temperatures during sous vide cooking result in
maximal cooking loss and low reheating loss because of the greater shrinkage brought on by the proteins' denaturation
(Supaphon et al., 2021). Studies on sous vide cooking have shown that the lack of water causes the meat's surface to become
opaquer. Due to a prolonged cooking period that denatures oxymyoglobin and metmyoglobin and increases sulfmyoglobin and
metmyoglobin, sous vide cooked beef loses its crimson hue and takes on a brownish red with a hint of green coloration
(Faustman et al., 2023). Due to the cooked meat's improved safety and equivalent quality attributes-albeit with less vitamin
retention and increased hardness-the high temperature, short time option might be viewed as a more practical and cost-effective
procedure. Techniques like marinating can be used with sous vide methods. For example, Gomez et al. (2019) reported on the
viability of combining sous vide cooking with marinating procedures to produce novel RTE meat products with high protein
content and no undesirable features. This allows for the use of the advantages of two distinct methods without sacrificing the end
product's quality.

Meat fermentation

In many parts of the world, fermented pork products are mostly consumed as dry-cured sausages. Meat products with a medium
humidity and a long shelf life that are stuffed in casings and spiced with black pepper, paprika, and garlic. They are further cured
or ripened to improve the flavor. These meat products are popular across the Mediterranean area. As per Leroy et al. (2023),
nitrite therapy before any other treatment is deemed necessary in most European nations. An enzyme called enzyme denatures
nitrogen molecules in muscle tissue, giving meat its unique flavor. Meat gets its distinct flavor from the breakdown of proteins in
muscles by enzymes like protease, microbial enzymes, and aminopeptidases, which result in tiny peptides and amino acids
including alanine, valine, lysine, arginine, leucine, glutamic, and aspartic acid. Certain aroma compounds are created by the
secondary oxidation products that result from the lipids' lipolysis and auto-oxidation during the meat's fermentation process.



These compounds include aldehydes, ketones, alcohols, lactones, and esters. Meat proteins have been shown to create bioactive
peptides, which increases their suitability for usage as functional additives (Pogorzelska-Nowicka et al., 2022, Mia et al., 2024).

Smoking of meat

As a traditional method of preservation, smoking modifies the sensory and nutritional qualities of meat products by exposing
them to smoke. Positive results include lamb meat's improved taste, color, and odor (Suleman et al., 2020). Meat is more
susceptible to the effects of smoking the longer it is exposed. There are several forms of smoking treatments, including hot, cold,
electrostatic, and the use of condensates, smoke scents, or liquid smoke. When smoking meat cold, it should be done at 20-25° C
with a relative humidity of 70-80%, and when smoking it hot, it should be done at 75-80 °C (Gomez et al., 2020).
Staphylococcus aureus, Escherichia coli, Listeria monocytogenes Salmonella spp., and other harmful microbes may be
effectively eliminated by the smoke process, which also lessens lipid oxidation, which causes unwanted odors and oxidative
rancidity. Smoking helps to lessen the grayish coloring in sausages. Smoking makes it possible to use a variety of meat species to
create premium sausages with exquisite flavors (Rahman et al., 2023). Table 1 shows how the sensory and nutritional qualities of
beef products are affected by fermentation, smoking, curing and salting, and marinating.

Meat packaging

There are several packaging solutions accessible for meat and meat-related items, including edible coatings, air permeable
packaging, vacuum packing, modified environment packaging, active packaging, and smart packaging (Chen et al., 2020). The
impact of various packaging examples on the sensory attributes of meat and meat products is compiled in Table 2.

Vacuum packing, modified environment packaging, and air-permeable packaging are the conventional methods of packaging
meat and meat products. When compared to vacuum storage, modified environment packing preserves the vivid red color of the
meat better (Garcia-Galicia et al., 2020). However, because of the atmosphere's added oxygen concentration, there may be more
lipid oxidation. While vacuum packing stops lipid oxidation, which stops bad tastes and odors from developing (Bellés et al.,
2017), it turns the meat purple instead of the brilliant red hue that customers associate with fresh meat. Because it has less weight
loss and is more aesthetically pleasing than standard vacuum packing, second skin vacuum packaging is therefore thought to be
superior to it. Consequently, reducing the adverse quality changes that arise from utilizing these systems individually may be
effectively accomplished by combining vacuum packing with changed atmosphere techniques (Lopacka et al., 2016).

Packages with active antioxidant packaging have their oxygen levels regulated. Separate antioxidant devices and packaging
materials with integrated antioxidants are the two types of active antioxidant packaging systems. Saccharges, pads, or labels
containing oxygen scavengers are examples of stand-alone antioxidant devices. To release antioxidant chemicals into food or
absorb unwanted compounds from the headspace, the packing material's walls include the active ingredient (Kuai et al., 2021).
One benefit of adding antioxidants to packing materials instead of food directly is that the active ingredient releases slowly. Plant
and spice extracts, peptides, essential oils, organic acids, bacteriocins, antibiotics, and silver ions are examples of antimicrobial
agents that have been utilized in active antimicrobial packaging (Rajaei et al., 2017; Duran & Kahve, 2020). Recently, there has
been increased attention on alternative packaging techniques. Modified environment packaging, vacuum packing, and tray
packaging have become popular methods for preserving meat (Wang et al., 2018). There has been a growing interest in active
packaging (AP), which could regulate the conditions inside the package including antioxidation, antibacterial properties (Zhang
et al., 2020), functional ingredients (Alam et al., 2024a) for consumer health benefits and prolong the duration of food
preservation by enhancing food safety without compromising its quality (Song et al., 2020). Edible Films and Coatings:
Biopolymers derived from hydrocolloids, including polysaccharides, animal- and plant-derived proteins, are used to make the
films. Although the produced films are resistant to gases and moisture, they are not as useful or mechanical as plastic films
(McMillin, 2017). Electrospinning could be a promising solution the encapsulate functional ingredients in nanofibers (Alam et
al., 2024b; Xu et al., 2024) It is possible to mix edible films and coatings for meat packing with active ingredients that have
antibacterial and antioxidant qualities. Natural extracts, natural polymers, essential oils, enzymes, protein hydrolysates, and
nanocomponents are among the active ingredients that may be added to edible films (Umaraw et al., 2020). Table 3 illustrates the
Impact of adding natural substances on meat quality.

Conclusions

Numerous techniques have been created to produce meat and animal products that are healthier. During meat aging and other
processing techniques, it is important to consider how the sensory quality will be altered. To produce goods with an enhanced
nutritional profile and the finest sensory quality, it is required to combine several technologies. Nowadays, consumers are
searching for sustainably produced goods with little processing. Therefore, this review outlines the aging, curing, and associated
processing techniques to combine to achieve the best product to meet consumer demand. Physical processing methods like
HIUS are notable because they enable meat products to have a more intense taste and higher level of softness. Sous vide cooking
is an interesting physical therapy that effectively preserves nutrients and maintains a high organoleptic quality. Preservation
methods drawn from natural sources are distinct in their ability to extend the lifespan of meat products without compromising
their taste. By integrating these techniques, the assortment of meat products that are fortified with organic components can be
expanded, while ensuring that their nutritional and sensory attributes are maintained or improved for a prolonged duration.
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