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Abstract

Proteomics has emerged as a transformative approach for mo-
lecular characterization of meat quality, authenticity, and safety in
modern food systems. By enabling comprehensive profiling of the
muscle proteome, it offers exceptional sensitivity and specificity in
detecting protein biomarkers linked to key quality traits, species
authentication, and adulteration detection. Advances in proteomic
technologies, including two-dimensional gel electrophoresis, Liquid
Chromatography-Tandem Mass Spectrometry (LC-MS/MS), and
data-independent acquisition, have expanded the ability to identify
and quantify proteins, post-translational modifications, and degra-
dation products relevant to meat science. Integration with advanced
bioinformatics tools enhances interpretation of complex datasets,
supporting the development of robust quality markers and predic-
tive models. Despite these advances, challenges remain, such as
the complexity of meat matrices, limited protein databases, and the
need for standardized analytical protocols. Continued innovation in
instrumentation, database enrichment, and methodological harmoni-
zation will be vital for realizing the full potential of proteomics in meat
quality assurance and authentication.
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Introduction

Meat remains a cornerstone of human nutrition, providing not
only high-quality protein but also essential vitamins, minerals, and
amino acids necessary for optimal health [1]. Recent research has sig-
nificantly contributed to the understanding of various aspects of meat
quality and animal production, including the use of probiotics [2],
freezing impacts on organ meat [3], and meat adulteration detection
using NIRS and chemometric analysis [4]. Furthermore, studies have
explored innovative technologies like machine learning and Al for
improving livestock management and meat safety evaluation [5,6].
Additional reviews have addressed heat stress [7], poultry processing
[8], and cutting-edge technology meat quality and meat preservation
techniques [9,10]. These collective efforts underscore the growing
reliance on interdisciplinary approaches for enhancing meat quali-
ty, food safety, and animal productivity. The modern meat industry
is tasked with upholding rigorous standards for quality, safety, and
traceability, as these attributes are central to consumer trust and reg-
ulatory compliance. Among these, meat quality stands out as the pri-
mary determinant of consumer satisfaction, especially in regions such
as Europe, where expectations for authenticity and product excellence
are particularly high [11]. However, achieving consistent meat qual-
ity is inherently complex. Variability in animal genetics, feed com-
position, husbandry practices, processing technologies, and storage
conditions can all contribute to significant fluctuations in key sensory
attributes-texture, flavor, color, and shelf life. Such inconsistencies
not only shape consumer perceptions but also pose risks to industry
reputation and market stability.

Incidents like the horse meat scandal, where horse meat was fraud-
ulently sold as beef across several European countries, have exposed
vulnerabilities in meat supply chains and intensified public concern
over food fraud, authenticity, and traceability [12]. In response, the
industry has increasingly turned to advanced analytical technologies
to safeguard product integrity. Among these, proteomics has emerged
as a transformative approach for meat quality assessment, species au-
thentication, and adulteration detection [13,14]. By enabling compre-
hensive profiling of the meat proteome, proteomics provides molec-
ular-level insights into the factors that define quality traits and track
biochemical changes throughout processing, storage, and cooking
[15]. Unlike DNA-based methods, proteomic analyses capture the
dynamic postmortem modifications and processing-induced changes
in proteins, making them especially valuable for evaluating processed
meat products [16].

Recent studies have established direct links between proteom-
ic signatures and the generation of flavor compounds in meat [17].
Flavor, a critical driver of consumer acceptance, arises from intricate
interactions among volatile and non-volatile molecules produced
during heating, storage, and processing [18]. These interactions are
modulated by proteolytic enzymes and amino acid catabolism, both of
which are reflected in the meat’s proteomic profile. Key biochemical
pathways, including the Maillard reaction, Strecker degradation, and
lipid oxidation, further shape the sensory landscape of meat products
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[19]. Beyond flavor, proteomics enables the evaluation of other vital
quality indicators such as water-holding capacity, oxidative stability,
tenderness, and color [20]. Biomarkers like calpains, cathepsins, and
myofibrillar protein fragments are closely associated with postmor-
tem tenderization and aging, while the detection of spoilage-related
proteins and oxidative stress markers supports more accurate shelf-
life prediction and food safety assurance [21,22].

The extraction and analysis of meat proteins rely on sophisticated
methodologies, including two-Dimensional Electrophoresis (2-DE),
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS),
and Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS) [16]. LC-MS/MS, in partic-
ular, offers high sensitivity and the ability to detect low-abundance
proteins in complex matrices [23]. These workflows typically involve
protein extraction, enzymatic digestion, and peptide separation, fol-
lowed by advanced data analysis using multivariate statistical tools
such as Principal Component Analysis (PCA), hierarchical clustering,
and pathway enrichment analysis [24]. Such computational approach-
es not only facilitate the discrimination of meat types and treatments
but also provide mechanistic insights into the underlying biological
processes, positioning proteomics as a powerful complement to other
omics technologies like volatilomics [25].

Despite its promise, the application of proteomics in meat science
is not without challenges. The complexity of meat matrices, diversity
of post-translational modifications, and susceptibility of proteins to
degradation during processing all present analytical hurdles. How-
ever, ongoing advancements in mass spectrometry instrumentation
and bioinformatics are steadily overcoming these obstacles, enabling
more robust, high-throughput, and accurate analyses [16]. This re-
view synthesizes recent scientific progress and practical applications
of proteomics in meat research, with a focus on quality assessment,
species authentication, and adulteration detection. It also addresses
current limitations and outlines future directions for integrating pro-
teomics into routine industry practice, ultimately aiming to enhance
quality control, foster consumer confidence, and support regulatory
compliance in the global meat sector.

Current Research in Meat Quality Assessment and
Its Limitations

Recent advances in meat quality assessment have largely cen-
tered on evaluating sensory properties, traditional quality factors,
and the physical and chemical characteristics of meat. Conventional
approaches for determining meat freshness include microbiological
analysis, Total Volatile Basic Nitrogen (TVB-N) measurements, and
gas chromatography [26]. While these methods are widely used, they
present several inherent limitations.

Subjectivity in Sensory Evaluation

Sensory quality attributes, such as flavor, texture, and aroma, are
typically assessed by trained panels or consumers. However, these
evaluations are inherently subjective, influenced by individual per-
ception, experience, and physiological differences, which can lead to
inconsistent and non-reproducible results [27].

Microbiological and Chemical Analyses

Standard microbiological tests are effective for detecting meso-
philic bacteria but often fail to identify psychrotrophic bacteria that
can proliferate during cold storage, thereby limiting their reliability

for comprehensive spoilage detection [28]. TVB-N measurements
and similar chemical assays provide useful indicators of spoilage but
may not capture early or subtle changes in meat quality.

Instrumental Techniques

Gas chromatography is highly accurate for identifying volatile
spoilage markers, yet it is cost-prohibitive, labor-intensive, and re-
quires specialized technical expertise. This restricts its application in
routine, high-throughput, or online quality control settings. Further-
more, while the human olfactory system can detect a wide range of
odors through approximately 400 types of receptors, sensory assess-
ments remain subjective and are affected by individual bias and sen-
sitivity [29]. Importantly, the human nose cannot detect odorless but
potentially harmful compounds, limiting its effectiveness as a consis-
tent tool for spoilage or safety classification [27].

Emergence of Proteomics in Meat Quality Assess-
ment

To address the persistent challenges in meat quality evaluation, the
field of meat science is increasingly adopting proteomics-a powerful
and comprehensive approach that investigates the entire set of pro-
teins expressed in a biological system under specific physiological or
environmental conditions [30]. Traditional meat quality assessment
methods, such as physicochemical measurements, sensory evaluation,
and microbial tests, often lack the sensitivity and consistency required
for high-precision analysis. In contrast, proteomics provides an ad-
vanced molecular-level understanding of biological processes that
underlie meat quality attributes. By studying proteins, which serve
as the functional molecules of cells, proteomics allows researchers
to uncover the biochemical mechanisms that influence tenderness,
color, water-holding capacity, flavor, and overall consumer accept-
ability. Furthermore, the integration of proteomics into meat science
represents a paradigm shift, offering not only analytical precision but
also novel opportunities for predictive modeling, authentication, and
quality assurance across the entire meat production and supply chain.

Objectivity and Reproducibility

Unlike conventional sensory or microbial methods, which can
sometimes be delayed, biased, or influenced by environmental vari-
ability, proteomics provides objective, reproducible, and molecu-
lar-level data for evaluating meat quality [31]. This objectivity stems
from the quantifiable and highly specific nature of protein expression
and modification patterns. Proteomic techniques minimize human
subjectivity and enable standardization across laboratories and pro-
duction facilities, which is essential for generating reliable and com-
parable results worldwide. The reproducibility of proteomic data also
ensures that consistent conclusions can be drawn from independent
experiments, making it particularly valuable for establishing univer-
sal markers of meat quality.

Comprehensive Protein Profiling

Proteomic analyses allow for the identification and quantification
of a wide range of proteins, along with insights into their post-trans-
lational modifications, degradation patterns, and protein—protein in-
teractions [32]. These detailed molecular fingerprints reflect the dy-
namic biochemical events that occur during various stages of meat
production-slaughter, storage, aging, and cooking. For instance,
proteolysis and protein oxidation during post-mortem aging directly
affect tenderness and juiciness, while structural protein degradation
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influences water-holding capacity and drip loss. By mapping these
molecular changes, proteomics provides a holistic view of meat qual-
ity determinants, enabling scientists to link specific protein profiles
with desirable or undesirable traits. Such insights can help optimize
meat processing techniques, improve shelf-life prediction, and devel-
op targeted interventions to maintain product quality.

Early Detection and Predictive Quality Control

One of the defining advantages of proteomics is its ability to de-
tect subtle biochemical changes in meat at an early stage, long before
spoilage or quality deterioration becomes evident through sensory or
chemical analyses [33]. Specific protein degradation products, oxida-
tive markers, or microbial contamination signatures can be identified
as early biomarkers that indicate the onset of biochemical instability.
These biomarkers allow producers to implement predictive quality
control strategies, ensuring that corrective actions such as improved
packaging, antioxidant supplementation, or modified storage condi-
tions are applied before significant losses occur. Moreover, proteomic
data can be incorporated into predictive models, providing proces-
sors and retailers with actionable insights to optimize logistics and
extend product shelf life. This proactive approach represents a major
improvement over reactive quality assessments that only detect issues
after consumer complaints or visible spoilage.

Authentication and Traceability

Proteomic profiling has also emerged as a highly reliable tool for
authentication and traceability in the global meat industry. It can ac-
curately distinguish between species and breeds by identifying spe-
cies-specific or breed-specific protein markers [30]. This capability
is particularly valuable for detecting fraudulent substitutions, such as
the illegal inclusion of horse meat in beef products, which can have
significant implications for consumer trust, religious dietary restric-
tions, and regulatory enforcement. Beyond fraud detection, proteom-
ics ensures transparency across the supply chain by confirming the
declared origin and production system of meat products. In regions
with a history of food scandals, the adoption of proteomic authen-
tication methods helps rebuild consumer confidence while enabling
regulatory bodies to enforce strict quality standards. Ultimately, pro-
teomics strengthens the link between product labeling, consumer ex-
pectations, and actual product composition, ensuring both safety and
credibility in meat markets.

Research and Innovation Enabled by Proteomics

Beyond routine quality assessment, proteomics is instrumental in
advancing research and innovation. It allows scientists to unravel how
genetic, environmental, and dietary factors influence muscle protein
composition, supporting the development of improved breeding strat-
egies, optimized processing conditions, and targeted interventions us-
ing natural additives or antioxidants. The increasing accessibility of
high-throughput techniques such as LC-MS/MS, 2D-GE, and shotgun
proteomics is accelerating the integration of proteomic tools into meat
science, making them indispensable for ensuring quality, safety, and
consumer confidence in the global meat industry.

Proteome Technologies in Meat Science

Advancements in proteomics technologies have fundamentally
transformed the study of protein expression, function, and interac-
tion within biological systems, providing unprecedented insights
into the molecular determinants of meat quality (Table 1). These

high-throughput platforms enable the comprehensive identification
and quantification of proteins in complex matrices such as muscle
tissue, which is essential for elucidating the biochemical basis of key

quality traits.

e

Technologies Principle Significance References
Advanced technology
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Label-free . protein degrada-
L measured by comparing . Lo .
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on molecular weight rotein, such as Govindaiah
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sulfate—polyacrylamide gel . .
. myofibrillar proteins
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Tandem . . . . .
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Mass Tag . . . :
to label peptides, allowing (with different color | Huang et al.
(TMT)-10plex . 5 . .
. multiplexed quantification of | stability, tenderness, [39]
labelling-based R .
. up to 10 samples in one run. and Water holding
proteomics. .
capacity)
Proteins separated by Quantification of
Western SDS-PAGE are transferred concentration and Zhang et al.
Blotting to membranes and detected intensities of target- [40]
with specific antibodies. ed proteins
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(Sequential . - . .
. tion fragments all precursor protein libraries Lopez-Pe-
Window . . . .
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All(}l'heoretical enablinlg1 ;:grﬁz(il:;:oi:le DIA con:::(l:,e :)f;itz/, and al. [41]
Mass Spectra) 4 : ¥
Table 1: Current Proteomics Technologies Used in the Meat Industry.

Evolution of Proteomic Approaches

Early proteomic studies in meat science predominantly utilized
two-Dimensional Gel Electrophoresis (2-DE) coupled with Mass
Spectrometry (MS). This classic approach separates proteins by
isoelectric point and molecular weight, followed by MS-based iden-
tification. While 2-DE remains valuable for resolving abundant and
soluble proteins, it is limited in its ability to detect low-abundance,
hydrophobic, or membrane-associated proteins [42]. The emergence
of -omic technologies in poultry and other animal food research has
further expanded the scope of proteomics, supporting the develop-
ment of targeted therapeutic strategies and the detection of antibiotic
resistance patterns [43].
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To address the limitations of 2-DE, Liquid Chromatography-Tan-
dem Mass Spectrometry (LC-MS/MS) has become the cornerstone of
modern proteomics. LC-MS/MS offers superior sensitivity, dynamic
range, and reproducibility, enabling the identification of thousands of
proteins in a single analysis. It is compatible with both label-free and
isobaric labeling strategies, such as isobaric Tags for Relative and Ab-
solute Quantitation (iTRAQ) and Tandem Mass Tags (TMT), which
facilitate multiplexed quantification and enhance throughput while
minimizing variability [44,45].

Label-Free Quantification (LFQ) methods have also gained trac-
tion as cost-effective solutions for large-scale protein quantification,
relying on spectral counting or peak intensity measurements. These
approaches are particularly advantageous for studies requiring exten-
sive sample comparisons without the constraints of chemical label-
ing. Recent innovations include Data-Independent Acquisition (DIA)
techniques, such as SWATH-MS, which provide consistent and repro-
ducible quantification across large sample sets and improve proteome
coverage, making them highly suitable for biomarker discovery in
meat science [20].

Collectively, these technological advancements have greatly ex-
panded the depth and accuracy of protein analysis. They enable the
detection of differential protein expressions linked to meat quality
traits and facilitate the construction of protein interaction networks
and pathway enrichment analyses. As a result, proteomic technolo-
gies are now indispensable for uncovering the molecular mechanisms
underlying meat tenderness, color stability, lipid oxidation, and other
quality-related attributes.

2-DE-Based Comparative Proteomics in Meat Science

Two-Dimensional Electrophoresis (2-DE) remains a foundational
technique in comparative proteomics, widely applied in meat science
for the separation and identification of proteins based on isoelectric
point and molecular weight [46]. This method allows for the visual-
ization of complex protein profiles and the comparison of differenc-
es between samples subjected to various conditions, such as species,
breed, muscle type, storage, aging, and processing [47].

In the first dimension, proteins are separated by Isoelectric Fo-
cusing (IEF), and in the second dimension, by molecular weight us-
ing SDS-PAGE [48]. The resulting gel displays a pattern of protein
spots, each corresponding to a unique protein or isoform. These spots
can be excised, digested (commonly with trypsin), and identified by
MS. 2-DE-based comparative proteomics is particularly effective for
detecting Post-Translational Modifications (PTMs) and analyzing
differential protein expression [49]. In meat science, this enables the
study of biochemical changes related to tenderness, color stability,
water-holding capacity, and oxidative stress [50]. For example, the
abundance of enzymes such as calpains and cathepsins, which are
associated with postmortem tenderization, can be monitored using
2-DE [51].

Additionally, 2-DE facilitates the discovery of biomarkers indic-
ative of spoilage or quality deterioration, supporting improved meat
safety and shelf-life prediction. When combined with image analy-
sis software and statistical tools like Principal Component Analysis
(PCA), 2-DE provides a robust framework for interpreting protein
expression patterns across experimental groups [52]. Despite its
strengths, 2-DE is less sensitive for hydrophobic and low-abundance
proteins and struggles to resolve very large or small proteins [53,54].

Nevertheless, it remains a valuable method, especially when integrat-
ed with complementary approaches such as LC-MS/MS and bioinfor-
matics analysis and continues to advance our understanding of meat
quality at the molecular level.

DNA Barcoding and PCR for Species Authentication

Incidents of meat fraud, such as the 2013 horse meat scandal in
Europe, have highlighted the critical role of DNA-based techniques
in species authentication [55]. DNA barcoding and Polymerase Chain
Reaction (PCR) have emerged as primary methods due to their high
specificity, sensitivity, and robustness [56].

DNA barcoding involves amplifying and sequencing a standard-
ized region of mitochondrial DNA-typically the cytochrome c oxidase
I gene-which is conserved within species but variable between them
[57]. The resulting sequence is compared against reference databases
to determine species origin. PCR, especially real-time PCR (qPCR),
enables rapid detection of species-specific DNA fragments using tar-
geted primers and fluorescent probes [58]. These methods are highly
effective even in processed or cooked meat products, where proteins
may be degraded but DNA remains relatively intact [59]. DNA-based
methods can detect trace levels of undeclared species, ensuring reg-
ulatory compliance and consumer trust. While proteomic techniques
can also contribute to species identification through peptide profiling
and MS [60], DNA-based approaches are considered the gold stan-
dard in forensic food analysis due to their accuracy, scalability, and
legal admissibility [60].

Workflow of LC-MS/MS-Based Proteomic Analysis in
Meat Samples

A typical workflow of figure 1, for protein analysis using LC-MS/
MS in meat science begins with sample preparation, where meat tis-
sue is homogenized under controlled conditions. Proteins are then
extracted using appropriate lysis buffers to separate them from other
cellular components. Following extraction, protein quantification and
quality control are performed, often using colorimetric assays to de-
termine concentration.

Figure 1: The workflow of protein analysis.

Next, enzymatic digestion, commonly with trypsin, breaks down
proteins into peptides. These peptides are separated by liquid chro-
matography and analyzed by tandem mass spectrometry, which iden-
tifies them based on mass-to-charge (m/z) ratios and fragmentation
patterns. The resulting spectra are processed to determine peptide
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abundance, enabling the identification and quantification of proteins
associated with key meat quality attributes. This workflow underpins
the high-throughput, sensitive, and reproducible analysis that has be-
come central to modern meat proteomics.

Application of Proteomics in Quality Assessments

Proteomics has emerged as a powerful and versatile tool for as-
sessing meat quality by providing detailed insights into the structural
and functional changes of proteins during post-mortem aging, stor-
age, and processing [61]. Protein degradation and modification are
central to critical meat quality attributes such as tenderness, juiciness,
water-holding capacity, and flavor development [62]. Proteomic ap-
proaches enable the identification of protein biomarkers associated
with meat freshness, spoilage, oxidative stress, and technological
treatments [63].

Post-mortem proteolysis, primarily mediated by calpains and
cathepsins, plays a pivotal role in the development of meat tenderness
[64]. Proteomic profiling has facilitated the monitoring of structural
proteins such as troponin-T, titin, and desmin, which serve as indi-
cators of meat aging and quality improvement over time [65]. For
example, the degradation of troponin-T correlates with enhanced ten-
derness in aged beef [66]. The presence or absence of specific myo-
fibrillar fragments can also indicate the aging status of meat, provid-
ing valuable information regarding consumer acceptability.

Spoilage induces significant proteomic alterations. Proteins sus-
ceptible to oxidation and microbial enzymatic activity can be de-
tected using two-Dimensional Electrophoresis (2-DE) and mass
spectrometry-based techniques [67]. For instance, increased protein
carbonylation and depletion of sarcoplasmic enzymes such as eno-
lase and creatine kinase have been linked to oxidative degradation
during storage [68]. Studies in pork, chicken, and fish consistently
demonstrate that protein oxidation-manifested by carbonyl formation
or loss of sulthydryl groups-correlates with reduced shelf life and di-
minished sensory quality [69]. Microbial spoilage further alters the
muscle proteome through proteolytic degradation of actin, myosin,
and metabolic enzymes, leading to off-flavors and texture deteriora-
tion [70]. Monitoring these protein changes enables the assessment
of microbial contamination levels and differentiation between fresh
and spoiled samples [71]. The accumulation of stress-related proteins,
such as heat shock proteins, in spoiled meat further supports the use
of proteomic markers for predicting quality [72].

Although proteomics provides valuable biochemical insights, no
universal threshold for individual protein markers definitively indi-
cates spoilage. Instead, the presence or depletion of specific protein
fragments, combined with sensory evaluation and physicochemical
parameters like pH and shear force, informs quality grading. Integrat-
ing proteomic data with sensory panels allows for the correlation of
protein degradation products with consumer perceptions of freshness
and palatability. This integrative approach holds promise for devel-
oping protein-based quality markers and more precise meat grading
systems.

Species Authentication of Meat and Meat-Based Products
via Proteomics

Species authentication is critical for ensuring the integrity, safe-
ty, and traceability of meat products [73]. While techniques such
as Near-Infrared (NIR) spectroscopy are used, proteomics offers a

chemically precise tool for species identification based on the unique
structure and composition of proteins. Proteins differ between species
in their amino acid sequences, post-translational modifications, and
three-dimensional conformations, reflecting underlying genetic varia-
tions [74,75]. These differences manifest in species-specific peptides
generated after enzymatic digestion (e.g., trypsin), forming unique
proteomic signatures detectable by advanced analytical techniques
[76].

The proteomics workflow for species authentication begins with
protein extraction using buffers such as SDS or urea to solubilize
proteins from meat samples. Enzymatic digestion produces smaller
peptides that are separated by Liquid Chromatography (LC) and an-
alyzed by Mass Spectrometry (MS), which measures their mass-to-
charge ratios. Tandem MS (LC-MS/MS) further sequences peptides,
enabling the identification of species-specific marker peptides. This
combination of chemical separation and molecular identification un-
derpins the accuracy and reliability of proteomics in species authenti-
cation. Duft et al. [77], illustrate this process in figure 2, demonstrat-
ing species identification in meat authentication.

Figure 2: Meat species authentication techniques from processed food.

Species-specific peptides serve as chemical biomarkers due to
their unique amino acid sequences, allowing differentiation even
among closely related species such as sheep and goat or beef and
buffalo [78,79]. Variations in peptide bond chemistry, amino acid side
chains, and post-translational modifications like phosphorylation and
oxidation contribute to these distinctive proteomic patterns [80].

Proteomics-based authentication offers high specificity and ro-
bustness, maintaining effectiveness in processed or cooked meats
where DNA may be degraded. It enables both relative and absolute
quantification of species content in complex mixtures, ensuring accu-
rate labeling, consumer confidence, and regulatory compliance.

Proteomics in Meat Adulteration Detection

Proteomics has become a scientifically rigorous and analytically
precise approach for detecting meat adulteration, particularly in pro-
cessed and thermally treated products [81]. By comprehensively iden-
tifying and quantifying proteins, proteomics detects species-specific
peptide markers that serve as molecular fingerprints of meat origin
[16]. This is crucial when morphological features are lost, and DNA
is fragmented due to processing [82].

Techniques such as LC-MS/MS and MALDI-TOF MS provide
high-resolution peptide separation and characterization, ensuring sen-
sitivity and specificity. Commonly targeted proteins include myosin,
actin, and tropomyosin, whose peptide sequences differ between spe-
cies and remain heat-stable [83]. Targeted proteomics strategies like
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Multiple Reaction Monitoring (MRM) enable quantification of trace
amounts of undeclared meat with high confidence [84]. For exam-
ple, detection of porcine-specific peptides in beef-labeled sausages
unequivocally indicates adulteration, critical for consumer trust and
compliance with religious and regulatory standards.

Proteomic data, matched with curated protein databases and vali-
dated by bioinformatics tools, allow accurate species identification in
complex mixtures [24]. Although challenges such as high instrument
costs and complex data interpretation persist, proteomics’ precision
and versatility make it indispensable in modern meat authentication
and food fraud prevention.

Challenges and Limitations of Proteomics in Meat
Research

Despite its transformative potential, the application of proteomics
in meat research is accompanied by several significant challenges and

limitations that can hinder its routine use in food authentication and
quality control (Figure 3).

Figure 3: Challenges and the limitations of the proteomics study.

Complexity of the Meat Matrix

Meat is a highly complex biological matrix, comprising a diverse
array of proteins, lipids, carbohydrates, and other biomolecules. This
complexity can interfere with efficient protein extraction and identi-
fication, often necessitating extensive sample preparation steps such
as solubilization, purification, and enzymatic digestion. These proce-
dures are not only time-consuming but also susceptible to variability,
which can impact reproducibility and data quality [85].

Effects of Processing and Storage

Thermal processing, curing, fermentation, and other technological
treatments can induce protein denaturation, degradation, and chem-
ical modifications. Such changes complicate the detection of intact
species-specific peptides and may reduce the analytical sensitivity of
proteomic methods. The altered protein landscape in processed meat
poses additional challenges for accurate identification and quantifica-
tion.

Instrumentation and Technical Expertise

Proteomics relies heavily on advanced, high-cost instrumentation
such as high-resolution mass spectrometers (e.g., LC-MS/MS, MAL-
DI-TOF). These instruments require substantial financial investment,
regular maintenance, and highly trained personnel for operation and

troubleshooting. The need for specialized infrastructure can limit ac-
cessibility, particularly in resource-constrained settings.

Bioinformatics and Database Limitations

The interpretation of proteomic data demands sophisticated bioin-
formatics tools and access to comprehensive, well-curated protein da-
tabases. However, existing databases may not cover all animal species
or regional meat varieties, leading to potential false identifications
or missed adulterants [86,87]. Incomplete or outdated databases can
compromise the reliability of species authentication and adulteration
detection.

Reproducibility and Standardization

Inter-laboratory reproducibility remains a persistent concern, as
proteomic workflows are highly sensitive to variations in sample han-
dling, instrument calibration, and data processing parameters. The
lack of standardized protocols and validated methods for regulato-
ry use further complicates the integration of proteomics into routine
meat quality assurance [13].

Quantification and Detection of Adulterants

Quantifying adulterants using proteomics is challenging due to
inherent differences in protein abundance across tissues and species.
This variability can result in the underestimation or overestimation of
adulteration levels, particularly in complex or highly processed prod-
ucts. Additionally, while proteomics is highly effective for detecting
known species with established biomarkers, its capacity to identify
unknown or unexpected adulterants is limited without prior reference
data.

Future Directions

These challenges underscore the need for ongoing technological
innovation, expansion and curation of protein databases, and the har-
monization of analytical protocols. Addressing these limitations will
be essential for the full integration of proteomics into mainstream
meat authentication, quality control, and regulatory frameworks.

Conclusion

Proteomics has become a groundbreaking tool in meat science,
providing precise and high-throughput analyses that exceed the lim-
itations of traditional quality assessment methods. This technology
allows for the identification and quantification of proteins, post-trans-
lational modifications, and degradation products, offering essential
insights into meat quality traits, species authentication, and the de-
tection of adulteration. Techniques such as LC-MS/MS, 4D label-free
analysis, SWATH-MS, and TMT-based labeling (Table 1) have ad-
vanced the discovery of biomarkers related to tenderness, flavor, and
oxidative stability while enhancing the reproducibility and robustness
of quality evaluations. These methods are particularly valuable in
addressing industry challenges, such as consumer trust, food fraud
prevention, and regulatory compliance.

Despite these advancements, challenges persist, including the
complexity of meat matrices, variability in processing-induced mod-
ifications, limitations in existing protein databases, and the need for
standardized workflows across laboratories. Overcoming these chal-
lenges will necessitate continued innovation in mass spectrometry in-
strumentation, expansion of protein databases, and the development
of harmonized bioinformatics platforms. Furthermore, combining
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proteomics with other omics technologies, such as metabolomics and
volatilomics, shows promise for creating comprehensive predictive
models of meat quality and safety.

In conclusion, the strategic application of advanced proteomic
techniques in meat research will accelerate the development of reli-
able biomarkers, strengthen traceability systems, and improve routine
quality assurance. By connecting molecular-level insights with indus-
trial practices, proteomics will play a crucial role in ensuring meat
authenticity, enhancing consumer confidence, and contributing to the
overall sustainability of the global meat sector.

Highlights

» Proteomics ensures meat quality, authenticity, and adulteration de-
tection.

*+ LC-MS/MS and SWATH-MS enable precise protein biomarker
identification.

* Challenges include complex samples, protein loss, and costly in-
strumentation.

» Future focus: better databases, standardization, and omics integra-
tion.
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