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The quality and stability of meat products are crucial for consumer acceptance and safety. Lipid oxidation,
color changes, and microbial spoilage are primary factors affecting meat quality, leading to a reduction in shelf life
and nutritional value. Natural antioxidants have emerged as promising alternatives to synthetic antioxidants due to
their safety and health benefits. However, their application is limited by their stability and efficacy under various
processing and storage conditions. Encapsulation techniques have been developed to enhance the stability and con-
trolled release of natural antioxidants in meat products. This review provides an overview of the latest advancements
in the use of natural antioxidants and encapsulation technologies to improve meat product quality and stability. Re-
cent studies, their outcomes, and future perspectives are discussed.
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Em onimoepinin canacol men mypaKmuliablebl mymulHYUIbIHbIY OHIMOI Manoaysl jcone OHIMHIY Kayincizodici
ywin eme manpi30nl. Jlunuomepoiyy, momui2yvl, OHIM MYCIHIH 032€pYyi HcaHe MUKPOOMBIK OY3blIYbl em CAndcblna
acep ememin necizei paxmopaap 601vin MadvLIAObL, OYAAPOLIH HIMUIICECIHOE OHIMHIN CAKMAy Mep3imi KblCKapaoul
JHCaHEe Ma2amovlK KYHObLIbIzbl momeHOeldi. Tadusu anmuoxkcuoanmmap onapovly Kayincizoizi men 0eHcayablKKa
naiioacsl apKaAcblHOA CUHMEMUKANLIK, AHMUOKCUOAHMIMAP2A NEePCREeKMUBAIbl 6anama peminoe Kapacmulpvlibin
scamuwlp. /lezenmen, on1apoviy NALLOANAHBLIYbL IPMYPIIL OHOEY HCIHE CAKMAY HCAOAUIAPLIHOA MYPAKMBLIbIZbL MEH
muimoinizimen wexkmeneodi. Em onimoepinde maouzu anmuoxcuoanmmapowviyy mypakmolivlebl MeH 0aKbli1aHamovlH
WIBI2APBLTYBIH JHcaKcapmy YWin apmypai unkancyaayus aoicmepi oap. byn wony em onimoepinin canacvt meH
MYPAaKmulIbI2blH  HCAKCAPINY VUK Maduu aHmMuUOKCUOAHMMAPObl JHCoHe UHKANCYIAAUUA MEXHO0ZUATAPbIH
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Konoanyoazel coHzwl yncemicmikmepze uiony yncacaitovl. CoHevl 3epmmeynep, OHbIH Hamuicenepi yHcane 601auaKk,
nepcnekmueanapsl mankpliaHobl.

Herisri ce3ep: ET canacel, cakray Mep3imi, TAOMFH aHTHOKCUAAHTTAP, HHKANCYJISIIUS

NHHOBALMOHHBIE NMOAXOJbI K TIOBBIIEHUWIO NEJIOCTHOCTHU MACHBIX MTPOAYK-
TOB C IOMOIIBIO HATYPAJIBHBIX AHTUOKCUJIAHTOB U UHKAIICYJIALIUA

PUIIIAB KYMAP*, >AHKHT IIIAPMA

(*Kadenpa TexHOJIOrHH POU3BOACTBA NPOJYKTOB JKHBOTHOBOACTBA,
Konnem:x Berepunapubsix Hayk 1 AX, DUVASU, Marxypa, U.P., Uaausa
’Kadenpa ynpasJieHusl ;KMBOTHOBOACTBOM, KoJlle/k BeTepuHAPHH M 5KMBOTHOBO/ICTBA,
GBPUAT, IlautHarap, Yrrapakxana, Wumus)

DJIeKTpOHHAs TI0YTa aBTOpa-KoppecnonaenTa: rishavvet42@gmail.com*

Kauecmeo u cmadunpvnocms MACHBIX RPOOYKMOE UMEIOM peuialouiee 3HaueHue npu esldope nompeoumenem
npooykma u 6e3onacHocmu camozo npodykma. Oxucienue 1UnuU006, U3MEeHeHUue yeema U MUKPOOHAA NOPYA A6~
10MCA OCHOGHBIMU (PAKMOPaAMU, GIUAIOWUMU HA KAUECHE0 MACA, YN0 NPUBOOUN K COKPAUW|EHUIO CDOKA XPAHEHUA
U cHudicenulo nuuieeoll yennocmu. Ilpupoonvie anmuokcuoanmel cmanu nepPCneKmMuUEHoll aibmMePHAmueoil Cut-
memuuecKumM GHMUOKCUOAGHMAM O11a200aps c80ell 0€30RACHOCMU U ROJIb3e 0715 300P06bA. OOHAKO UX npuMeHeHue
0ZPanUYeno ux cmadunbHOCmMbl0 U IPPEKMUHOCMbIO NPU PA3IUYHBIX YCA08UAX 0OpadomKu u xpanenus. /lns
ROGBIUEHUA CIAOUNBHOCHU U KOHMPOJIUPYEMO20 GbICGOOOICOCHUS 8 MACHBIX RPOOYKMAX HAMYPANbHBIX AHMUOK-
cudanmoe Oviau paspadomanvl Memoosvl paznuunvie unkancyaayuu. B oannom o63ope npeocmaesnen 0630p no-
CIEOHUX OOCMUICEHUIL 8 00IACMU UCROIL306ANUA HAMYPATILHBIX AHMUOKCUOAHINOG U MEXHO02UIl UHKANCYIUPO-
6anusn 0nA YAYUWIeHUs Ka4ecmea u CmaduibHOCmu MACHBIX npoOyKmos. Obdcyrcoaromea nocieonue ucciedosa-
HuUA, ux pe3y1bmamol u NEPcneKmuesvl Ha oyoyujee.

Knrouesble ciioBa: KauecTBo Msica, cpok XpaHeHMsl, IPUPOJHbIE AHTHOKCHIAHTBI, HHKANCYJISILUS

Introduction challenges, encapsulation technologies have been

Meat products are an essential part of the developed. Encapsulation can protect antioxidants
human diet, providing high-quality proteins, es- from environmental factors, enhance their stabil-
sential vitamins, and minerals. However, the qual- ity, and allow for controlled release during meat
ity and stability of meat products are susceptible processing and storage [6, 7]. This review ex-
to deterioration due to lipid oxidation, microbial plores the latest advancements in the application
growth, and other biochemical processes. These of natural antioxidants and encapsulation tech-
changes can result in off-flavors, discoloration, niques in meat products, focusing on their impact
and a reduction in nutritional value, ultimately on quality and stability.
leading to a shorter shelf life and lower consumer 2. Natural Antioxidants in Meat Products
acceptance [1, 2]. To mitigate these issues, antiox- 2.1 Types of Natural Antioxidants
idants are commonly used in meat processing. Natural antioxidants are derived from vari-
Traditionally, synthetic antioxidants like butylated ous sources, including plants, fruits, herbs, and
hydroxyanisole (BHA) and butylated hydroxytol- spices. The most common types of natural antiox-
uene (BHT) have been employed due to their ef- idants used in meat products include phenolic
fectiveness. However, concerns about their poten- compounds, vitamins (e.g., vitamin E and C), ca-
tial health risks have driven the food industry to rotenoids, and essential oils [8,9]. Phenolic com-
explore natural antioxidants as safer alternatives pounds, such as flavonoids and phenolic acids, are
[3]. Natural antioxidants, such as phenolic com- known for their strong antioxidant activity, which
pounds, vitamins, and essential oils, not only in- is primarily due to their ability to donate hydrogen
hibit lipid oxidation but also offer additional atoms or electrons to free radicals, thus neutraliz-
health benefits, including anti-inflammatory and ing them [10, 11]. Essential oils, extracted from
anti-carcinogenic properties [4, 5]. Despite these plants like rosemary, oregano, and thyme, have
advantages, natural antioxidants often exhibit been widely studied for their antioxidant and an-
lower stability and efficacy under varying pro- timicrobial properties. These oils are rich in bioac-
cessing and storage conditions. To address these tive compounds like carvacrol, thymol, and ros-
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marinic acid, which contribute to their effective-
ness in preserving meat quality [12, 13].

2.2 Mechanisms of Action

The primary mechanism by which natural
antioxidants preserve meat quality is through the
inhibition of lipid oxidation. Lipid oxidation is a
chain reaction that begins with the formation of
free radicals, leading to the degradation of unsatu-
rated fatty acids and the production of off-flavors
and rancid odors [14, 15]. Natural antioxidants
interrupt this chain reaction by donating hydrogen
atoms to free radicals, stabilizing them, and pre-
venting further oxidation [16, 17]. In addition to
their antioxidant activity, some natural com-
pounds possess antimicrobial properties, which
can inhibit the growth of spoilage microorganisms
and pathogens in meat products. This dual func-
tionality enhances the overall stability and safety
of meat products [18, 19].

2.3 Recent Studies and Findings

Recent studies have demonstrated the effec-
tiveness of natural antioxidants in improving the
shelf life and quality of meat products [23]. For
example, researchers reported that the incorpora-
tion of pomegranate peel extract in minced beef
patties significantly reduced lipid oxidation and
microbial growth during storage [20, 21]. Similar-
ly, the use of rosemary and oregano essential oils
in sausage formulations has been shown to im-
prove color stability and sensory properties [24,
25]. However, the efficacy of natural antioxidants
can be influenced by several factors, including the
concentration used, the type of meat product, and
the processing and storage conditions [26]. There-
fore, optimizing the application of natural antioxi-
dants is essential to maximize their benefits.

2.4 Advantages and Limitations

The primary advantage of natural antioxi-
dants is their safety and potential health benefits.
Unlike synthetic antioxidants, which have been
linked to adverse health effects, natural antioxi-
dants are generally recognized as safe (GRAS)
and may offer additional nutritional benefits [27-
29]. Moreover, the use of natural antioxidants
aligns with consumer preferences for clean-label
products, which are free from artificial additives
[30, 31]. However, the application of natural anti-
oxidants is not without challenges. Many natural
compounds are sensitive to heat, light, and oxy-
gen, leading to degradation during processing and
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storage. Additionally, the strong flavors and aro-
mas of some natural antioxidants can negatively
impact the sensory attributes of meat products,
necessitating careful formulation [32, 33].

3. Encapsulation Techniques for Antiox-
idants

3.1 Overview of Encapsulation Methods

Encapsulation involves the incorporation of
active ingredients, such as antioxidants, within a
carrier material to protect them from environmen-
tal factors and control their release [31]. Various
encapsulation technigues have been developed,
including spray drying, freeze-drying, coacerva-
tion, and liposome formation [34-36]. These
methods differ in their principles, encapsulation
efficiency, and applicability to different types of
antioxidants and meat products.

Spray drying is one of the most commonly
used methods for encapsulating natural antioxidants
due to its scalability and cost-effectiveness. In this
process, an antioxidant solution is sprayed into a hot
chamber, where the solvent evaporates, leaving be-
hind microcapsules containing the antioxidant [37,
38]. Liposomes, which are spherical vesicles com-
posed of phospholipid bilayers, have also gained
popularity for encapsulating hydrophilic and lipo-
philic antioxidants. Liposomes can protect antioxi-
dants from oxidation and allow for controlled release
during meat processing [39, 40].

3.2 Impact of Encapsulation on Antioxi-
dant Stability and Release

Encapsulation enhances the stability of nat-
ural antioxidants by shielding them from envi-
ronmental factors such as light, heat, and oxygen,
which can cause degradation. For example, encap-
sulating vitamin E in liposomes has been shown to
improve its stability and extend its shelf life in
meat products [41, 42]. Additionally, encapsula-
tion allows for the controlled release of antioxi-
dants during meat processing and storage, ensur-
ing that the antioxidant activity is sustained over
time [43, 44]. The effectiveness of encapsulation
depends on the encapsulation method, the proper-
ties of the carrier material, and the type of antiox-
idant. Recent studies have demonstrated that en-
capsulating essential oils in chitosan nanoparticles
enhances their antioxidant and antimicrobial ac-
tivity in meat products, leading to improved shelf
life and quality [45].
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Table 1. Common Natural Antioxidants Used in Meat Products

oregano) lipid oxidation

Antioxidant Source Mechanism of Action I\/I_eat_ References
Application
Phenolic Com- Plants (e.g., rose- || Scavenge free radicals, chelate ||Sausages, ground Shah et al. (2021);
pounds mary, green tea) metal ions beef Alirezalu et al. (2021)
Essential Oils Herbs (e.g., thyme, || Antimicrobial activity, inhibit Rao et al. (2022); Saeed

Poultry, beef

et al. (2022)

Tocopherols (Vit-

amin E) Vegetables oils, nuts Inhibit lipid peroxidation Processed meats || Bolumar et al. (2021)
Ascorbic Acid Eruits. vegetables Reduce nitrite in cured meats, Cured meats, ||Jiang et al. (2021); Zhao
(Vitamin C) » Veg regenerate tocopherols sausages et al. (2020)
Carotenoids Carrots, tomatoes Scavenge singlet OXygen, Raw and cooked Gomez et al. (2021)
quench free radicals meats

Table 2. Comparative Efficacy of Encapsulated vs. Non-Encapsulated Antioxidants in Meat Products

Lo Lipid Oxidation Color .

Antioxidant Form Inhibition Stability Sensory Quality References
Glr;trrlaztea Non-encapsulated Moderate Low Slightly bitter flavor Zhao et al. (2020)
Green Tea Encapsulated . . .

Extract (e.g., liposomes) High High Improved flavor profile || Wang et al. (2022)
Réiigg:y Non-encapsulated Moderate Moderate Acceptable aroma Gomez et al. (2021)
Rosemary Encapsulated_ High High |[|[Enhanced sensory attributes|| Chen et al. (2023)

Extract ||(e.g., nanoemulsion)

Natural Antioxidants

e.g., Vitamin E, Rosemary Extract)

!
Meat Matrix

Muscle, Protein, Lipids and Water

!

[Oxidation Process]
Initiation
Propagation
Termination

1

[Encapsulation]

(Microencapsulation, Nanoencapsulation)
(Polymers, Proteins, Lipids)

[ Enhanced Meat Product
Integrity
Improved Shelf Life
Preserved Nutritional
Quality
Maintained Sensory
Attributes

Diagram: Enhancing Meat Product Integrity
with Natural Antioxidants and Encapsulation
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3.3 Recent Advances in Encapsulation
Technology

Recent advancements in nanotechnology
have led to the development of novel encapsula-
tion techniques that offer higher encapsulation
efficiency and better control over the release of
antioxidants. Nanocapsules, nanoemulsions, and
solid lipid nanoparticles are among the innovative
carriers being explored for encapsulating natural
antioxidants [41, 42]. These nanoscale carriers
provide a larger surface area, allowing for better
interaction with meat components and improved
antioxidant efficacy. For instance, the encapsula-
tion of curcumin in solid lipid nanoparticles has
been shown to enhance its antioxidant activity and
protect against lipid oxidation in meat products
[13, 14]. Similarly, nanoemulsions containing es-
sential oils have demonstrated improved stability
and controlled release, making them suitable for
application in meat processing [18, 19].

3.4 Case Studies: Encapsulation of Spe-
cific Antioxidants in Meat Products

Several studies have focused on the encap-
sulation of specific natural antioxidants and their
application in meat products. For example, encap-
sulating green tea polyphenols in alginate beads
has been found to improve the antioxidant stabil-
ity and sensory properties of pork sausages [20].
Another study reported that the encapsulation of
rosemary extract in chitosan nanoparticles en-
hanced its antioxidant and antimicrobial activity
in ground beef, leading to a significant reduction
in lipid oxidation and microbial growth [7, 8].
These case studies highlight the potential of en-
capsulation technology to enhance the effective-
ness of natural antioxidants in meat products.
However, further research is needed to optimize
the encapsulation process and explore new carrier
materials that can improve the stability and re-
lease of antioxidants.

4. Impact on Meat Quality and Stability

4.1 Effects on Lipid Oxidation, Color
Stability, and Sensory Properties

The incorporation of encapsulated natural
antioxidants in meat products has been shown to
have a positive impact on lipid oxidation, color
stability, and sensory properties. Lipid oxidation
is a major cause of quality deterioration in meat
products, leading to the formation of off-flavors
and rancid odors. Encapsulated antioxidants can
effectively inhibit lipid oxidation, thereby extend-
ing the shelf life of meat products [19, 20]. Color
stability is another critical factor influencing con-
sumer acceptance of meat products. The oxidation
of myoglobin, the pigment responsible for the red
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color of meat, leads to discoloration and a loss of
visual appeal. Encapsulated antioxidants, such as
vitamin C and rosemary extract, have been found
to improve color stability by preventing the oxida-
tion of myoglobin [3]. Sensory properties, includ-
ing flavor, aroma, and texture, are key determi-
nants of consumer preference. Encapsulation can
help preserve the sensory attributes of meat prod-
ucts by protecting the antioxidant compounds
from degradation and controlling their release dur-
ing cooking and storage. For example, encapsulat-
ed essential oils have been shown to enhance the
flavor profile of sausages while maintaining their
antioxidant and antimicrobial activity [11].

4.2 Comparative Studies of Encapsulated
vs. Non-Encapsulated Antioxidants

Comparative studies have demonstrated the
superiority of encapsulated antioxidants over non-
encapsulated ones in maintaining meat quality and
stability. For instance, a study comparing the ef-
fects of encapsulated and non-encapsulated green
tea extract on ground beef found that the encapsu-
lated form provided better protection against lipid
oxidation and microbial growth [10,11]. Similarly,
encapsulated rosemary extract was found to be
more effective than its non-encapsulated counter-
part in preserving the color and sensory properties
of pork sausages [43]. These findings suggest that
encapsulation not only enhances the stability and
efficacy of natural antioxidants but also provides
additional benefits in terms of controlled release
and improved sensory attributes. However, the
choice of encapsulation method and carrier mate-
rial should be carefully considered based on the
specific application and desired outcomes.

5. Future Perspectives and Challenges

The application of natural antioxidants and
encapsulation technologies in meat products holds
great promise for improving quality and stability.
However, several challenges remain, including the
need for further research on the long-term stability
of encapsulated antioxidants, the development of
cost-effective and scalable encapsulation methods,
and the evaluation of consumer acceptance of en-
capsulated products. Future research should focus
on exploring new natural antioxidants with en-
hanced efficacy, optimizing encapsulation tech-
niques to improve stability and release properties,
and conducting comprehensive studies on the
safety and sensory impact of encapsulated antiox-
idants in meat products. Additionally, the devel-
opment of clean-label formulations that meet con-
sumer demands for natural and sustainable prod-
ucts will be crucial for the successful adoption of
these technologies in the meat industry.
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6. Conclusion

The use of natural antioxidants and encap-
sulation technologies offers a promising approach
to enhancing meat product quality and stability.
Natural antioxidants, such as phenolic compounds
and essential oils, provide effective protection
against lipid oxidation and microbial spoilage,
while encapsulation enhances their stability and
controlled release. Recent advancements in encap-
sulation technology, particularly in nanotechnolo-
gy, have further improved the efficacy of natural
antioxidants in meat products. While challenges
remain, continued research and innovation in this
field will contribute to the development of safer,
more sustainable, and high-quality meat products.
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