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Abstract: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a cornerstone technique in protein
analysis, offering precise separation and characterization of proteins based on their molecular weight. This review provides
a comprehensive overview of SDS-PAGE as a critical step in Western blot analysis, with a focused discussion on its
applications in nutritional research and food quality assessment. The paper highlights the role of SDS-PAGE in identifying
and quantifying dietary proteins, evaluating protein modifications, and assessing the integrity of functional proteins in
various food matrices. Special emphasis is placed on the optimization of experimental parameters, such as gel composition,
sample preparation, and electrophoretic conditions, to ensure high resolution and reproducibility in complex protein
mixtures. Additionally, the review explores recent advancements in SDS-PAGE protocols, including improvements in
detection sensitivity and compatibility with downstream analyses. By addressing common technical challenges and
proposing best practices, this work aims to enhance the reliability and accuracy of SDS-PAGE in the context of food and
nutritional science, paving the way for its continued use in protein characterization, allergen detection, and quality control.
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l. INTRODUCTION identification and quantification of proteins in complex food

matrices (Buvaneswaran et al., 2025).

A. Overview of Protein Analysis in Food and Nutrition

Protein analysis plays a pivotal role in understanding the In nutritional science, the analysis of protein

nutritional composition and quality of food, enabling
researchers and industries to assess dietary components
critical for human health. Proteins are fundamental
macromolecules responsible for a wide range of biological
functions, including enzymatic activity, structural support,
and regulatory processes. Their significance extends to food
science, where the characterization of dietary proteins is
essential for determining nutritional value, functionality, and
safety. Advances in analytical techniques such as
chromatography, spectrometry, and electrophoresis have
revolutionized  protein  research, enabling  precise
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modifications, such as denaturation and aggregation, is
integral to evaluating the stability and bioavailability of food
proteins under various processing conditions. Moreover,
identifying allergens and assessing protein integrity
contribute to food safety, while determining amino acid
composition aids in  formulating balanced diets.
Electrophoretic techniques, notably SDS-PAGE, are
particularly advantageous for their ability to resolve proteins
based on molecular weight, making them indispensable in
food quality control and nutritional studies (ldoko et al.,
2025).
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Fig 1: Proteomics Approaches in Protein Analysis (Wiencek, et al., 2020). Image 1 Illustrates Two Proteomics Approaches;
Bottom-up and Top-Down. Bottom-up Involves Enzymatic Digestion (Like Trypsin) of Proteins into Peptides before MS/MS
Analysis, While Top-Down Directly Analyzes Intact Proteins through MS/MS, Producing Distinctive Fragment ion Patterns for
Protein Characterization.

As the global population grows, there is an increasing
demand for sustainable and nutritious food sources. The
integration of protein analysis into food research not only
addresses these demands but also enhances the development
of functional foods and dietary supplements. By leveraging
these analytical advancements, scientists can better
understand the relationship between food proteins and human
health, paving the way for innovations in nutrition and food
safety (El-Sabrout et al., 2025).

B. Importance of SDS-PAGE in Nutritional and Food
Science

Sodium  Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) has emerged as an
indispensable analytical tool in nutritional and food science
for its ability to separate and characterize proteins based on
molecular weight. This methodology is integral for assessing
protein quality, functionality, and safety in food products. By
providing high-resolution separation, SDS-PAGE facilitates
the identification of specific protein components in complex
food matrices, which is crucial for understanding protein-
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protein interactions and modifications during food processing
(Akbar et al., 2024).

In nutritional science, the application of SDS-PAGE is
pivotal in monitoring structural and functional changes in
proteins induced by processing techniques such as thermal
treatment, enzymatic hydrolysis, and fermentation. These
insights are essential for optimizing food quality and ensuring
bioavailability of dietary proteins. Furthermore, SDS-PAGE
has played a critical role in allergen detection, enabling the
identification of allergenic proteins in food products and thus
contributing to consumer safety and regulatory compliance
(Hijo et al., 2024).
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Fig 2: Key Applications of SDS-PAGE in Food Science.

This image outlines four major applications of SDS-
PAGE: protein analysis/characterization, food
processing/quality control, safety/regulatory compliance, and
advanced applications. Each sector highlights specific
functions from protein separation to allergen detection,
showcasing SDS-PAGE's comprehensive role in food
science.

Advancements in SDS-PAGE, including the integration
with downstream techniques like mass spectrometry and
immunoblotting, have significantly enhanced its utility.
These innovations enable more precise protein profiling and
quantification, thereby supporting research in functional
foods and nutraceutical development. The widespread
adoption of SDS-PAGE in food science underscores its
importance in improving food quality, understanding
nutritional value, and ensuring safety in food supply chains
(Gao et al., 2025).

C. Scope and Objectives of the Review

The scope of this review encompasses a detailed
exploration of SDS-PAGE as a critical analytical tool in
nutritional research and food quality assessment. This review
aims to elucidate the pivotal role of SDS-PAGE in the
characterization of dietary proteins, including its application
in identifying protein structures, assessing modifications, and
ensuring the integrity of functional proteins in diverse food
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systems. By addressing the optimization of experimental
parameters, such as gel compaosition, sample preparation, and
electrophoretic conditions, the review seeks to enhance the
reproducibility and resolution of protein analysis in complex
matrices.

In addition to presenting the theoretical underpinnings
and practical applications of SDS-PAGE, this work evaluates
recent advancements in the technique. It aims to highlight
improvements in sensitivity and compatibility with
downstream processes, such as mass spectrometry and
immunoblotting. The review also seeks to address common
technical challenges, including gel artifacts and protein
guantification inconsistencies, providing researchers and
practitioners with best practices for reliable and accurate
protein characterization in food and nutritional sciences.

The objectives of this review are threefold: to
consolidate existing knowledge on SDS-PAGE applications
in food science, to explore innovative modifications that
enhance its efficacy, and to propose directions for future
research. By synthesizing evidence-based insights, the review
aims to strengthen the scientific foundation for SDS-PAGE
applications in protein analysis, thereby advancing its utility
in food safety, allergen detection, and nutritional quality
assessment.
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1. FUNDAMENTALS OF SDS-PAGE

A. Principles of SDS-PAGE

SDS-PAGE operates on the principle of separating
proteins based on their molecular weight, a process made
possible by the denaturation and uniform negative charge
imparted by sodium dodecyl sulfate (SDS). The interaction
between SDS and proteins disrupts non-covalent bonds,
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unfolding the protein into linear polypeptide chains. As a
result, the proteins are coated uniformly with SDS molecules,
giving them a consistent charge-to-mass ratio. This
uniformity ensures that proteins migrate through the
polyacrylamide gel matrix primarily based on size, with
smaller proteins moving faster than larger ones (Hernandez-
Corroto et al., 2024).

Table 1: Components and Functions of SDS-PAGE System

Component

Function

Principle Applications

Sodium Dodecyl Sulfate (SDS)

Denatures proteins and imparts
uniform negative charge

Disrupts non-covalent bonds
and coats proteins uniformly

Enables separation
based on molecular
weight

Polyacrylamide Gel

Acts as a molecular sieve

Concentration determines pore
size; higher for small proteins,
lower for large proteins

Controls protein
separation resolution

Reducing Agents (-
mercaptoethanol/dithiothreitol)

Break disulfide bonds

Ensures complete protein
denaturation

Maintains protein in
linear form

Staining Methods (Coomassie
Blue/Silver)

Visualize protein bands

Binds to proteins to make them
visible

Enables protein
detection and analysis

The polyacrylamide gel acts as a molecular sieve, with
the concentration of acrylamide dictating the pore size of the
gel matrix. Higher concentrations allow for the resolution of
smaller proteins, while lower concentrations accommodate
larger proteins. SDS-PAGE is typically performed under
reducing conditions using agents like beta-mercaptoethanol
or dithiothreitol to break disulfide bonds, ensuring complete
protein denaturation. The electrophoretic migration is driven
by an electric field, with proteins moving toward the
positively charged anode due to their SDS-induced negative

charge (Isah et al., 2025).

This technique is widely regarded for its precision and
reproducibility in protein analysis, offering insights into
molecular weight determination, protein purity, and structural
changes. The resulting protein bands can be visualized
through staining methods, such as Coomassie Brilliant Blue
or silver staining, which enhance sensitivity for downstream
applications. SDS-PAGE thus serves as a foundational tool in
biochemical and molecular biology research, facilitating the
characterization of complex protein mixtures (Chakrabarti,

2024).
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» Protein Denaturation and Charge Uniformity

The denaturation of proteins and the establishment of
charge uniformity are fundamental principles underpinning
the efficacy of SDS-PAGE. During this process, sodium
dodecyl sulfate (SDS), an anionic detergent, binds to proteins,
disrupting their secondary, tertiary, and quaternary structures.
This interaction effectively unfolds the proteins into linear
polypeptide chains, ensuring complete denaturation and
exposing their peptide backbones. The binding of SDS also
confers a uniform negative charge to the proteins,
proportional to their molecular mass, which is critical for
size-based separation in the polyacrylamide gel matrix
(Cheema et al., 2010).

The denaturation step is often facilitated by reducing
agents, such as beta-mercaptoethanol, which cleave disulfide
bonds, ensuring that the protein is fully linearized. This
structural alteration allows the proteins to interact uniformly
with SDS, thereby standardizing their charge-to-mass ratios.
Consequently, during electrophoresis, the migration of
proteins through the gel is determined solely by their
molecular weight, as opposed to their intrinsic charge or
shape. This precision makes SDS-PAGE a reliable method
for analyzing protein composition and molecular weight in
complex mixtures (Wyckoff et al., 1977).
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Fig 3: Protein Structure Organization and PRAD Peptide Models [(Masson, P., & Lushchekina, S. 2022), (Fiveable.me. 2024)].
The Image Illustrates Two Concepts: The Top Panel Shows Different PRAD Peptide Models (A-E), While the Bottom Panel
Depicts the Four Levels of Protein Structure - Primary (Amino Acid Sequence), Secondary (a-helices, -sheets),
tertiary (3D folding), and quaternary (multi-chain assembly).

Uniform charge distribution not only enhances the
resolution of protein bands but also minimizes electrophoretic
artifacts, providing a robust platform for downstream
applications such as Western blotting and protein
quantification. The high reproducibility and resolution
offered by SDS-PAGE have made it an indispensable tool in
biochemistry and molecular biology, particularly in the study
of protein structure-function relationships and post-
translational modifications (Wang et al., 2023).
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> Role of SDS in Electrophoresis

Sodium dodecyl sulfate (SDS) plays a central role in the
process of polyacrylamide gel electrophoresis by facilitating
the denaturation of proteins and the uniformity of their charge
distribution. SDS, an anionic detergent, binds to proteins
through hydrophobic interactions, disrupting their secondary
and tertiary structures and rendering them linearized. By
doing so, it eliminates the influence of intrinsic protein shapes
and charges, allowing proteins to migrate through the
polyacrylamide gel solely based on their molecular weight
(Auer & Guttman, 2025).
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Fig 4: Four Key Functions of SDS in Electrophoresis. The Flow Diagram Illustrating the Four Main Roles of SDS in
Electrophoresis: Protein Denaturation Through Hydrophobic Interactions, Charge Distribution with Specific Binding Ratios,
Separation Mechanism Based on Size, and Analytical Benefits Ensuring Reliable Protein Analysis

The binding of SDS to protein polypeptide chains
occurs in a consistent ratio, with approximately 1.4 g of SDS
binding to every gram of protein. This ratio ensures that the
charge-to-mass ratio of all proteins is uniform, enabling
accurate size separation during electrophoresis. The
negatively charged SDS-protein complexes are driven
through the gel matrix under the influence of an electric field,
with smaller proteins migrating more rapidly due to their
reduced resistance within the gel pores (Kulikova et al.,
2024).

This property of SDS is integral not only for size-based
protein separation but also for the reliability and
reproducibility of electrophoretic analysis. The uniform
denaturation and charge distribution provided by SDS allow
researchers to compare proteins under consistent conditions,
making it an essential component in molecular biology
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studies, including protein characterization, purification, and
downstream applications such as Western blotting (Walters,
2025).

» Separation by Molecular Weight

SDS-PAGE separates proteins based on their molecular
weight by utilizing a uniform charge-to-mass ratio conferred
by the binding of SDS to protein polypeptide chains. This
process effectively negates the influence of intrinsic charges
and shapes, allowing proteins to migrate through the
polyacrylamide gel solely according to their size. The gel
matrix acts as a molecular sieve, with smaller proteins
moving more rapidly due to lower resistance within the pores,
while larger proteins migrate slower, resulting in clear band
separation corresponding to molecular weight (Li et al.,
2025).
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Fig 5: Basic Components of SDS-PAGE Apparatus (Sourav Pan, 2024). The image shows a cross-sectional view of an SDS-

PAGE apparatus. It features stacking and running gels, with wells for sample loading. Protein migration occurs from negative to
positive electrode, with larger proteins moving slower than smaller ones

The accuracy of separation is further enhanced by the
polyacrylamide gel's adjustable pore size, which is controlled
by the concentration of acrylamide and bis-acrylamide used
during gel preparation. Higher concentrations of these
components create smaller pores, enabling better resolution
of low molecular weight proteins, whereas lower
concentrations accommodate the separation of larger
proteins. The use of molecular weight markers allows for
precise determination of protein sizes by comparison with the
migration of standard proteins of known molecular weight
(Pirtskhalava et al., 2024).

This technique is widely utilized across various domains
of molecular biology, biochemistry, and proteomics for
applications such as protein characterization, purity
assessment, and complex mixture analysis. The ability of
SDS-PAGE to separate proteins with high precision makes it
an indispensable tool in both research and industrial contexts,
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ensuring reproducibility and reliability in protein analyses
(Boudi et al., 2025).

B. Key Components of SDS-PAGE

The key components of SDS-PAGE are fundamental to
its function as a robust analytical technique for protein
separation. SDS-PAGE relies on the polyacrylamide gel
matrix, which serves as a sieve, enabling proteins to be
separated primarily by molecular weight. The gel is
composed of acrylamide and bisacrylamide, with their
concentration determining the pore size of the gel and thus its
resolution capacity. Lower concentrations are suitable for
resolving larger proteins, while higher concentrations are
used for smaller proteins (Reisinger & Eichacker, 2007).
Additionally, the buffer systems used in SDS-PAGE, such as
Tris-glycine, ensure proper ion flow during electrophoresis
and maintain pH stability for consistent protein migration
(Zilberstein et al., 2007).
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Fig 6: Essential Components of SDS-PAGE System. The Image Displays Six Key Components of SDS-PAGE; Gel Matrix
Components, Buffer System, Protein Treatment Components, Equipment Components, Visualization Components, and Operating
Parameters. Each Element is Vital for Successful Protein Separation and Analysis

Another vital component is the SDS detergent, which
coats proteins with a uniform negative charge and denatures
their secondary and tertiary structures. This ensures that
protein separation depends only on size rather than shape or
native charge. The electrophoretic setup, including the power
supply and gel apparatus, ensures a steady electric field for
efficient protein migration. Electrophoresis conditions, such
as voltage and run time, are also critical in achieving optimal
resolution and reproducibility. Visualizing separated proteins
typically involves staining techniques, with Coomassie
Brilliant Blue and silver staining being the most commonly
used methods due to their sensitivity and reliability (Barac et
al., 2007).

Together, these components form the foundation of
SDS-PAGE, enabling its widespread application in
nutritional and food science. By carefully optimizing these

elements, researchers can achieve high-resolution protein
characterization, supporting advancements in quality control
and food safety.

» Polyacrylamide Gel Composition

The polyacrylamide gel composition is a fundamental
aspect of SDS-PAGE, directly influencing the resolution and
separation of proteins. The gel matrix, composed of
acrylamide and a cross-linker such as N,N'-
methylenebisacrylamide, provides a porous structure through
which proteins migrate. The pore size of the gel, determined
by the concentration of acrylamide, governs its resolving
capacity; higher concentrations of acrylamide create smaller
pores, ideal for separating low molecular weight proteins,
while lower concentrations are suited for larger proteins
(Gallagher, 2008).

Cathode

Sample Ioading<

Direction of
anion migration

4
~

Polyacrylamide Gel Electrophoresis

(PAGE)

Protein mixture

Fig 7: Principle and Structure of Polyacrylamide Gel Electrophoresis (Sagar Aryal, 2022). This Image Illustrates How PAGE
Utilizes a Porous Polyacrylamide Matrix to Separate Proteins based on Molecular Weight. The Gel's Composition,
Featuring Acrylamide and Cross-Linkers, Creates a Mesh-Like Structure where Proteins Migrate from anode to
Cathode Under Electric Current.
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e The gel comprises two distinct regions: the resolving gel
and the stacking gel. The resolving gel, with a higher
acrylamide concentration and pH of approximately 8.8,
facilitates the separation of proteins based on molecular
weight. Conversely, the stacking gel, with a lower
acrylamide concentration and pH of 6.8, functions to
concentrate proteins into narrow bands, enhancing
resolution (Roy et al., 2012). Additionally, the use of
buffers, such as Tris-HCI, maintains the pH and ionic
strength necessary for consistent protein migration.

Optimizing the gel composition is critical for achieving
accurate and reproducible protein separation. Adjustments to
acrylamide concentration, cross-linking ratios, and buffer
systems enable customization of the gel for specific analytical
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needs, ensuring its broad application across protein research
and diagnostics (Bischoff et al., 1998).

» Buffer Systems

Buffer systems in SDS-PAGE are pivotal to its
functionality, ensuring the effective separation of proteins by
maintaining the appropriate pH and ionic conditions. The
Tris-glycine buffer system is the most commonly employed,
consisting of Tris as the primary buffering agent and glycine
as a trailing ion. This combination creates a suitable
environment for protein migration through the gel, ensuring
proteins separate by molecular weight. Additionally, the
inclusion of sodium dodecyl sulfate (SDS) in the buffer
confers a uniform negative charge to proteins, thereby
eliminating differences in native charge and ensuring
consistent separation (Schéagger, 2006).

Fig 8: Buffer Distribution in SDS-PAGE Gel System (National diagnostics, 2011). This Image Illustrates the Buffer Arrangement
in SDS-PAGE, Showing Tris-Glycine Buffer Distribution Throughout the Gel Matrix. The System Maintains Specific pH
Conditions, with Buffer lons (Depicted as Colored Dots) Ensuring Proper Protein Migration During Electrophoresis

The stacking and resolving gels utilize distinct buffer
systems tailored to optimize separation. The stacking gel
buffer, with a lower pH of around 6.8, serves to focus proteins
into sharp bands before entering the resolving gel. The
resolving gel operates at a higher pH, typically 8.8, to
enhance protein resolution by facilitating differential
migration through the gel matrix. Alternative systems, such
as the Tricine-Tris buffer, offer improved resolution for low
molecular weight proteins by employing smaller trailing ions,
which enhance separation precision (Wiltfang et al., 1991).

Buffer selection and optimization are crucial in SDS-

PAGE to address specific experimental requirements.
Adjusting the buffer composition allows for flexibility in

IJISRT25JAN1385

targeting different protein sizes or improving resolution,
thereby broadening the application scope of SDS-PAGE in
protein analysis and research (Wyckoff et al., 1977).

> Electrophoretic Setup

The electrophoretic setup is a critical component of
SDS-PAGE, ensuring precise separation of proteins based on
their molecular weight. The system typically comprises a gel
tank, electrodes, a power supply, and a gel casting apparatus.
The gel tank houses the polyacrylamide gel and is filled with
an appropriate running buffer to facilitate ion flow during
electrophoresis. Electrodes establish an electric field, driving
negatively charged protein-SDS complexes through the gel
matrix (Schagger, 2006).
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Fig 9: Basic Electrophoretic Setup for Protein Separation (Singh et al., 2013). This Pictorial Setup Shows a Typical
Electrophoresis Apparatus with Cathode and Anode Electrodes Generating an Electric Field. The System Includes a Magnetic
Stirrer for Buffer Circulation, while the Electrodes Create the Necessary Potential difference for Protein Migration.

The power supply's voltage settings are crucial for
consistent protein migration. Typically, a lower voltage is
applied during the stacking phase to focus proteins into
narrow bands, followed by a higher voltage in the resolving
phase to enhance separation accuracy. The electrophoretic
run time and temperature control also play significant roles;
excessive heat generation can cause gel distortion and impact
resolution (Gallagher, 2006). Modern systems often include
features such as precast gels and cooling mechanisms to
mitigate these challenges and ensure reproducibility.

Optimization of the electrophoretic setup, including
buffer selection and gel type, is essential for achieving high
resolution and reproducibility. This adaptability allows SDS-
PAGE to remain a cornerstone technique in protein research,
providing reliable and detailed protein profiling for a variety
of scientific applications (Zilberstein et al., 2007).
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C. Advantages and Limitations of SDS-PAGE

SDS-PAGE offers numerous advantages that make it a
widely used technique in protein analysis. Its primary
strength lies in its ability to separate proteins based on
molecular weight with high resolution, a feature critical for
applications ranging from protein characterization to quality
control in biotechnology (Gallagher, 2012). The technique is
robust, cost-effective, and relatively simple to perform,
making it accessible to laboratories with varying levels of
resources. Additionally, the compatibility of SDS-PAGE
with downstream analyses, such as Western blotting and mass
spectrometry, further enhances its utility in proteomics (Rai
et al.,, 2022).
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Despite its strengths, SDS-PAGE is not without
limitations. One significant drawback is the loss of native
protein structure due to the denaturing action of SDS, which
can obscure functional or conformational analyses. The
technique also has limited resolution for very large or small
proteins, as separation efficiency decreases at extreme
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molecular weight ranges (Sonboli et al., 2021). Moreover,
while SDS-PAGE can provide relative protein quantification,
it is less suitable for precise absolute quantification due to
variations in staining efficiency and loading inconsistencies.

Table 2: Advantages and Limitations of SDS-PAGE Analysis

Advantages Benefits Limitations Mitigation Strategies
High resolution Enables accurate molecular weight Loss of native protein Optimize gel composition
protein separation determination structure

Cost-effective and Accessible to labs with varying
robust resources

Limited resolution for extreme

Adjust buffer systems
molecular weights

Compatible with
downstream
analyses

spectrometry

Supports Western blotting and mass

Less suitable for absolute
quantification

Careful experimental design

Simple to perform

Requires minimal specialized training | Staining efficiency variations

Standardize loading
protocols

The balance between its advantages and limitations
underlines the importance of proper experimental design
when using SDS-PAGE. Through optimization of parameters
such as gel composition and buffer systems, researchers can
mitigate some of the technique’s shortcomings, ensuring
reliable and reproducible results in protein analysis.

1. OPTIMIZATION OF SDS-PAGE FOR
NUTRITIONAL RESEARCH

A. Sample Preparation and Protein Extraction

Effective sample preparation and protein extraction are
crucial steps in SDS-PAGE to ensure reliable protein
separation and analysis. The preparation begins with cell lysis
to release intracellular proteins. Commonly used lysis
methods include chemical solubilization with detergents like
SDS, mechanical disruption, or sonication, depending on the
sample type and protein target (Schagger, 2006). Following
lysis, the sample is mixed with a loading buffer containing
SDS, which denatures the proteins and imparts a uniform
negative charge proportional to their molecular weight,
ensuring accurate electrophoretic separation.

IJISRT25JAN1385

Protein quantification and normalization are essential
before loading samples onto the gel. Quantification using
spectrophotometric assays, such as the Bradford or BCA
method, ensures consistent protein loading across lanes,
thereby improving reproducibility (Roy & Kumar, 2014). The
sample buffer, often containing [-mercaptoethanol or
dithiothreitol (DTT), reduces disulfide bonds, ensuring
complete protein denaturation and facilitating separation by
molecular weight alone. Heating the samples at
approximately 95°C further denatures proteins, enhancing
their linearization and compatibility with SDS-PAGE.

Optimized protocols for protein extraction and
preparation are critical for preserving protein integrity while
minimizing contamination and degradation. Tailoring these
procedures to the specific requirements of the sample matrix
ensures high-resolution separation and reliable downstream
analyses, such as Western blotting or mass spectrometry
(Singh etal., 1991).
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Fig 10: Sample Preparation Workflow for SDS-PAGE (BIO-RAD, 2024). The Above Flowchart Outlines Essential Steps in
Protein Sample Preparation for PAGE Analysis, from Cell Disruption through Protein Solubilization to Final Buffer Preparation.
Each Stage Ensures Proper Protein Denaturation and Sample Compatibility for Effective Electrophoretic Separation

» Cell Lysis and Solubilization Methods

Effective cell lysis and solubilization methods are
foundational to the success of SDS-PAGE, enabling the
release and preparation of proteins in a state suitable for
electrophoretic  analysis. Chemical, mechanical, and
enzymatic approaches are widely used, often in combination
to maximize yield and preserve protein integrity. Chemical
lysis employs detergents such as sodium dodecyl sulfate
(SDS) or Triton X-100, which disrupt lipid bilayers and
solubilize  membrane-bound proteins, ensuring their
accessibility for analysis. Buffer systems containing reducing
agents like dithiothreitol (DTT) or B-mercaptoethanol further
enhance solubilization by breaking disulfide bonds (Leibly et
al., 2012).
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Mechanical disruption methods, including sonication
and high-pressure homogenization, are frequently applied to
physically break cell walls and membranes. While effective
for robust cell types, these methods require careful
optimization to avoid protein degradation due to heat
generation. Enzymatic treatments, such as lysozyme
application for bacterial cells, provide a more targeted
approach to cell wall digestion, often preceding mechanical
lysis to improve efficiency (Miskiewicz & MacPhee, 2019).
Combining these methods with the use of protease inhibitors
ensures that the proteins remain intact and functionally
relevant throughout the preparation process.
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Table 3: Cell Lysis and Protein Solubilization Methods for SDS-PAGE

Method Technique Mechanism Considerations
Chemical Lysis Detergents (SDS, Triton Disrupts lipid bilayers and Requires compatible buffer
X-100) solubilizes membrane proteins systems with reducing agents

Mechanical Disruption Sonication, high-pressure

Physically breaks cell walls and

Needs optimization to prevent

homogenization

membranes heat-induced degradation

Enzymatic Treatment Lysozyme for bacterial

cells

Targeted digestion of cell walls

Often used as pre-treatment
before mechanical lysis

Protease inhibitors,
reducing agents

Buffer Components

Targeted digestion of cell walls

Must be tailored to specific
sample type

Tailoring the lysis and solubilization strategy to the
specific biological sample is critical for obtaining high-
quality protein extracts. Employing compatible buffers and
conditions not only ensures efficient protein recovery but also
minimizes contamination and artifacts that may impact
downstream SDS-PAGE analyses (Malafaia et al., 2015).

» Protein Quantification and Normalization

Protein quantification and normalization are essential
steps in preparing samples for SDS-PAGE, ensuring equal
protein loading and reproducibility across experiments.
Quantification methods, such as the Bradford assay,
bicinchoninic acid (BCA) assay, or UV spectrophotometry,
are commonly employed to determine protein concentration.
These techniques offer sensitivity and reliability, with the
Bradford assay being particularly popular for its rapidity and

compatibility with detergents like SDS (Sander et al., 2019).
Accurate protein quantification minimizes variations in
loading, thereby improving the resolution and interpretability
of SDS-PAGE results.

Normalization is equally critical and involves
standardizing protein loads to ensure consistent analysis
across samples. One approach is to use housekeeping proteins
as internal controls; however, this method has limitations, as
the expression of housekeeping proteins can vary under
different experimental conditions. Alternatively, stain-free
technology has emerged as a robust normalization tool. This
technique enables visualization and quantification of total
protein directly on gels, bypassing the need for additional
internal standards and enhancing reproducibility (Gurtler et
al., 2013).

/Pre-processing

ummarization

Peptide Intensities

~

/~ Statistical
Analysis
T-tests

Anova

Linear

\ _

Fig 11: Protein Analysis Workflow and Data Processing (Lieven Clement, 2021). This Workflow Illustrates the Protein
Quantification Process, Moving from Peptide Intensity Normalization through Pre-Processing Steps to Statistical Analysis
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The integration of quantification and normalization
steps into the experimental workflow significantly enhances
the reliability of SDS-PAGE and its downstream analyses.
These practices ensure that observed differences in protein
band intensity or migration patterns reflect genuine biological
variations rather than technical inconsistencies (Gilda &
Gomes, 2015).

B. Gel Casting and Composition

The process of gel casting and composition is critical in
ensuring the effective performance of SDS-PAGE for protein
characterization. The casting process involves the preparation
of a polyacrylamide gel, which typically consists of a
separating (resolving) gel topped by a stacking gel. These
gels are essential for creating a gradient in pore size, which
facilitates the resolution of proteins by their molecular
weights. Optimizing the composition of the gel, such as
adjusting the acrylamide concentration, directly impacts the
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resolution of protein bands. For instance, lower acrylamide
concentrations are suited for resolving larger proteins, while
higher concentrations enhance the separation of smaller
proteins (Gallagher, 2012).

The role of gel composition is not limited to protein
resolution; it also affects the stability and reproducibility of
the experiment. Parameters such as the polymerization of
acrylamide and bis-acrylamide, the pH of the gel buffer, and
the inclusion of additives like SDS are carefully optimized to
prevent gel artifacts and ensure uniform electrophoresis.
Furthermore, the alignment of the stacking gel with the
resolving gel is critical, as the stacking gel concentrates the
proteins into sharp bands before they enter the resolving gel
(Gallagher, 1999). The precise formulation of the gels allows
researchers to tailor SDS-PAGE to specific experimental
needs, enhancing its applicability in nutritional and food
sciences.
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Fig 12: Complete SDS-PAGE Process Flow (Vincent et al., 2017). The Image Illustrates the Step-By-Step Process of Protein
Separation via SDS-PAGE, from Sample Preparation through Gel Casting to Electrophoresis. It Shows Protein Denaturation with
SDS, Loading onto the Stacking/Resolving Gel System, and Final Band Separation during Electrophoresis

Advancements in gel casting technologies, such as the
development of precast gels and automated gel casting
systems, have improved the consistency and convenience of
SDS-PAGE. These innovations reduce variability and
facilitate high-throughput analyses, making SDS-PAGE
more accessible for routine applications in protein
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characterization. By meticulously addressing the factors
influencing gel composition, researchers can achieve highly
reproducible and sensitive results, paving the way for
advanced studies in food quality and nutritional research
(Gallagher, 2006).
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» Resolving Gel vs. Stacking Gel

In SDS-PAGE, the stacking gel and resolving gel serve
distinct but complementary roles, enabling the efficient
separation of proteins by their molecular weight. The stacking
gel is a low-percentage acrylamide layer with a larger pore
size and lower pH, which facilitates the alignment of proteins
into narrow, concentrated bands before entering the resolving
gel. This alignment is crucial for achieving sharp band
resolution, especially in complex protein mixtures. The
resolving gel, with its higher acrylamide concentration and
smaller pore size, separates proteins based on their size, as
smaller proteins migrate faster through the denser matrix
(Mohammed & A-Haideri, 2022).
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The discontinuous buffer system used in SDS-PAGE
creates an electric field gradient at the interface between the
stacking and resolving gels. This gradient drives proteins to
focus at the border before resolving them in the lower gel.
The effectiveness of this approach depends on precise gel
composition and alignment during the gel casting process.
For instance, improper pH or acrylamide concentrations can
cause diffusion or smearing, compromising the accuracy of
protein separation (Yadav, 2023). The combination of these
gels makes SDS-PAGE an essential tool for studying protein
properties, particularly in food quality and nutritional
research.

Table 4: Characteristics and Functions of SDS-PAGE Gel Component.

Gel Component Characteristics

Function Critical Factors

pores

Stacking Gel Low acrylamide %, large Concentrates proteins into Proper pH maintenance and
pores, lower pH narrow bands gel alignment
Resolving Gel Higher acrylamide %, small Separates proteins by Precise acrylamide

molecular weight concentration

Buffer System
gradient

Discontinuous, creates field

Focuses proteins at gel
interface

Correct buffer composition

Modern Innovations
layers

Precast gels, colored stacking | Improves reproducibility and | Quality control in preparation

convenience

Advances in gel technology, including the use of precast
gels and colored stacking layers, have improved the
reproducibility and convenience of SDS-PAGE protocols.
These innovations ensure the reliability of protein profiling,
providing significant benefits in areas such as food allergen
detection and dietary protein analysis. By maintaining
stringent control over the preparation and properties of both
gels, researchers can consistently achieve high-resolution
results critical for downstream applications (Hagiwara,
2025).

» Acrylamide Concentration and Its Effects

The concentration of acrylamide in the resolving gel is
a critical factor in determining the separation efficiency of
SDS-PAGE. Acrylamide forms a cross-linked polymer
matrix, with the pore size inversely proportional to its
concentration. Higher concentrations of acrylamide create
smaller pores, which are ideal for resolving smaller proteins,

while lower concentrations result in larger pores, facilitating
the separation of larger proteins. Optimizing acrylamide
concentration is essential to achieve the desired resolution,
especially in complex protein mixtures encountered in
nutritional and food quality research (Bhati et al., 2024).

The gradient gels, which contain a continuous range of
acrylamide concentrations, provide a versatile solution for
separating proteins of varying sizes within a single run. This
approach prevents smaller proteins from diffusing or being
poorly resolved and ensures that larger proteins are efficiently
separated. However, achieving consistent polymerization and
avoiding gel artifacts require precise control of acrylamide
and bis-acrylamide ratios during gel casting. Any deviation
in these ratios can lead to smearing or uneven protein
migration, significantly impacting analytical accuracy
(Saadedin et al., 2024).

Table 5: Acrylamide Concentration Effects in SDS-PAGE.

Concentration
Type

Properties

Applications Considerations

High Acrylamide | Creates smaller pores, tighter matrix

Separation of smaller proteins

Requires precise
polymerization control

Low Acrylamide Forms larger pores, looser matrix

Resolution of larger proteins

Must prevent gel artifacts

Gradient Gels Continuous range of concentrations

Separates varied protein sizes in

Needs consistent

single run polymerization

Automated
Systems

Controlled concentration gradients

High-throughput applications

Reduces manual casting
errors

In recent advancements, automated gel-casting systems
have improved the reproducibility of acrylamide
concentration gradients, reducing manual errors. These
innovations are particularly beneficial in high-throughput
applications, such as allergen detection and protein profiling,
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where reliability and sensitivity are paramount. The careful
optimization of acrylamide concentration ensures that SDS-
PAGE remains a robust technique for protein characterization
in diverse biological and industrial contexts (Li et al., 2024).
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C. Electrophoresis Parameters

Electrophoresis parameters are pivotal in determining
the resolution, accuracy, and reproducibility of SDS-PAGE.
Critical parameters include voltage, temperature, and the
duration of electrophoresis, all of which must be carefully
optimized to achieve effective protein separation. Voltage
significantly influences protein migration; a high voltage
accelerates electrophoresis but may lead to overheating,
potentially distorting protein bands. Conversely, low voltage
improves resolution but prolongs run time. The temperature,
which is closely linked to voltage, must be controlled, as
excessive heat can denature proteins or cause gel deformation
(Zhao et al., 2024).
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The duration of electrophoresis depends on the size of
the proteins being resolved and the acrylamide concentration
in the gel. Longer runs at appropriate voltages enhance the
separation of closely sized proteins, particularly in high-
resolution applications like allergen detection. It is also
essential to match buffer composition and pH to the specific
gel system being used, as deviations can alter protein
migration patterns. Optimization of these parameters ensures
reproducible results, especially when analyzing complex
food matrices or conducting quantitative studies (Hamim et
al., 2025).

Table 6: Critical Electrophoresis Parameters in SDS-PAGE

Parameter Effects Optimization Factors Considerations
Voltage Controls migration speed and | High voltage: faster runs but risk of Must balance speed with heat
resolution overheating; Low voltage: better generation
resolution but longer time
Temperature Affects protein integrity and Requires monitoring and control Excessive heat can cause band
gel structure distortion
Duration Influences separation quality Depends on protein size and gel Longer runs improve resolution
concentration of similar-sized proteins
Buffer System Determines migration patterns Must match gel composition pH and composition affect

separation efficiency

Advancements in SDS-PAGE technologies, such as
gradient gels and automated electrophoresis systems, have
improved control over electrophoretic parameters. These
innovations allow for precise adjustments to accommodate
different experimental requirements, enhancing the
versatility of SDS-PAGE in nutritional research and food
quality assessment. By fine-tuning these parameters,
researchers can achieve highly reproducible and sensitive
protein analyses, essential for both academic and industrial
applications (de Araujo Padilha et al., 2024).

» Voltage and Run Time

Voltage and run time are critical parameters in the
optimization of SDS-PAGE, as they directly influence
protein migration, resolution, and overall separation quality.
The voltage applied during electrophoresis determines the
rate at which proteins migrate through the gel matrix. Higher
voltages expedite protein movement, but excessive voltage

can lead to overheating, band distortion, and protein
denaturation. Conversely, lower voltages provide improved
resolution, particularly for closely sized proteins, albeit at the
cost of longer run times (Karabudak et al., 2024).

The run time for SDS-PAGE depends on the gel
concentration and the molecular weight range of the proteins
being analyzed (figure 13). For instance, longer run times at
appropriate voltages are essential for achieving optimal
separation in gradient gels, which accommodate a broad
range of protein sizes. Accurate monitoring and control of
these parameters ensure reproducible results, particularly in
applications like food allergen analysis and protein integrity
assessment. Additionally, the use of pre-optimized
electrophoresis systems has simplified the adjustment of
voltage and run time, enhancing reliability in routine
experiments (Nejdl et al., 2015).
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Fig 13: Graph Showing Protein Concentration (Staunton et al., 2016)

Modern innovations, such as automated gel-running
equipment and gradient gel systems, further refine voltage
and run-time optimization. These technologies integrate
temperature regulation and adaptive power adjustments,
reducing the risk of gel artifacts and variability. The
optimization of these parameters remains fundamental to
maximizing the accuracy and sensitivity of SDS-PAGE,
thereby supporting its widespread use in protein
characterization and nutritional research (Nowakowski et al.,
2014).

» Temperature Control

Temperature control is a critical factor in optimizing
SDS-PAGE to ensure consistent protein separation and
minimize artifacts such as band distortion or smearing.
Elevated temperatures during electrophoresis, typically
resulting from high voltages or prolonged runs, can lead to

overheating, which disrupts the gel matrix and denatures
proteins. Proper temperature regulation, often achieved
through cooling systems or optimized power settings, is
essential for maintaining gel integrity and accurate protein
migration (Osuna-Amarillas et al., 2025).

The interaction between temperature and gel
composition also influences the quality of protein resolution.
For instance, temperature fluctuations can alter the
polymerization of acrylamide, leading to inconsistencies in
pore size within the gel. Maintaining a controlled
environment during electrophoresis ensures uniform protein
movement, particularly when resolving heat-sensitive
proteins. Researchers have demonstrated that active cooling
systems, combined with gradual voltage increases,
effectively stabilize gel temperature, thereby enhancing the
reproducibility of results (Liu et al., 2024).

Table 7: Temperature Control Factors in SDS-PAGE.

Temperature Effects

Factor

Control Methods

Benefits

Heat Generation Can disrupt gel matrix and

denature proteins

Cooling systems and optimized power

Maintains gel integrity
settings

Gel Composition Affects polymerization and

pore size consistency

Controlled environment during

Ensures uniform protein

electrophoresis migration

Active Cooling Stabilizes gel temperature

Gradual voltage increases and cooling

Enhances reproducibility
chambers

Modern Equipment

Integrates temperature
control features

Built-in cooling chambers and
thermostatic power supplies

Enables high-resolution
analysis
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Recent innovations in electrophoresis equipment
include integrated temperature control mechanisms, such as
built-in cooling chambers and thermostatic power supplies.
These advancements allow researchers to perform high-
resolution analyses while minimizing the risks associated
with overheating. By prioritizing precise temperature
management, SDS-PAGE remains a reliable and adaptable
technique for applications ranging from protein
characterization to food quality assessment (Li et al., 2024).
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D. Staining and Visualization Techniques

Staining and visualization techniques are essential
components of SDS-PAGE, enabling the identification and
quantification of separated protein bands. These techniques
significantly enhance the utility of SDS-PAGE in
applications such as protein profiling, allergen detection, and
food quality assessment. Coomassie Brilliant Blue staining
remains the most widely used method due to its affordability,
ease of application, and compatibility with most protein
types. While it provides adequate sensitivity for many
applications, recent advancements have introduced enhanced
staining protocols to improve detection limits (Ramirez-Rico
et al.,, 2024).

—_—

Traditional
Staining

= Coomassie Brilliant Blue
= Silver Staining

Methods

Advanced

—

staining and
visualization
techniques

=

Visualization
Methods

—_— -

* Fluorescent staining
e Chemiluminescent
staining

Fig 14: Overview of Protein Visualization Methods in SDS-PAGE. The Above Illustrates Two Categories of Protein Visualization
Techniques: Traditional Staining Methods (Coomassie Brilliant Blue and Silver Staining) and Advanced Visualization Methods
(Fluorescent and Chemiluminescent Staining). These Techniques are Crucial for Protein Band Detection in SDS-PAGE Analysis.

Silver staining offers a higher sensitivity compared to
Coomassie staining, making it particularly suitable for
detecting low-abundance proteins. This method, however,
requires careful optimization to avoid background noise and
ensure consistent staining quality. In addition to these
traditional techniques, fluorescent and chemiluminescent
staining methods have gained popularity. These advanced
techniques not only provide superior sensitivity but also
facilitate quantitative analyses through digital imaging
systems. Such improvements have proven invaluable for
high-throughput proteomic studies (Yeon et al., 2024).

Recent developments also emphasize the integration of
staining techniques with downstream analyses, such as mass
spectrometry. For instance, excising and processing stained
protein bands for proteomic studies allow researchers to
characterize protein modifications or identify specific
biomarkers. These innovations underscore the pivotal role of
staining and visualization techniques in expanding the scope
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and precision of SDS-PAGE, particularly in complex
research fields like nutritional science and biotechnology
(Hamiti et al., 2024).

» Coomassie Blue and Silver Staining

Coomassie Blue and Silver Staining are two widely used
techniques in SDS-PAGE for the visualization and
characterization of protein bands. Coomassie Blue staining is
renowned for its simplicity and cost-effectiveness, making it
a preferred method for general protein detection. This
staining technique binds to proteins through ionic interactions
and hydrophobic domains, producing distinct blue bands that
are easily visible. While Coomassie Blue provides sufficient
sensitivity for detecting abundant proteins, its limitations in
identifying low-abundance proteins have spurred the
development of more sensitive methods (Liu et al., 2025).
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Silver staining, on the other hand, offers significantly
higher sensitivity compared to Coomassie Blue, making it
ideal for detecting minute quantities of proteins. This method
involves the reduction of silver ions to metallic silver at
protein sites, creating highly visible black or brown bands.
However, silver staining is more labor-intensive and requires
careful optimization to prevent background artifacts and
ensure consistent results. The enhanced detection sensitivity
has made silver staining a valuable tool in proteomics,
particularly for applications requiring the analysis of low-
concentration proteins, such as allergen detection or pathogen
characterization (Kalambhe, 2024).

Both staining techniques play complementary roles in
protein analysis. While Coomassie Blue is suitable for routine
applications requiring moderate sensitivity, silver staining
excels in specialized analyses demanding high detection
limits. Innovations in staining protocols, such as combining
these methods with fluorescence or chemiluminescence,
continue to expand their applications in advanced protein
studies (Liu et al., 2025).

» Fluorescent and Chemiluminescent Detection

Fluorescent and chemiluminescent detection methods
have significantly enhanced the sensitivity and precision of
protein visualization in SDS-PAGE. Fluorescent detection
relies on fluorophores that bind specifically to proteins or gel
matrices, emitting light upon excitation at particular
wavelengths. This method offers high sensitivity and a broad
dynamic range, allowing for the simultaneous analysis of
multiple proteins when combined with multiplexing
techniques. Furthermore, fluorescent dyes such as SYPRO
Ruby and FITC (fluorescein isothiocyanate) have been
employed extensively due to their compatibility with protein
staining, minimal background interference, and ability to
maintain protein integrity for downstream analyses.
Fluorescent imaging systems also provide quantification
capabilities, which are critical in nutritional research for
evaluating dietary protein content and functional integrity
(Lopez et al., 2018).
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Chemiluminescent detection, in contrast, employs
enzymatic reactions to produce light, enabling highly
sensitive detection of proteins. Horseradish peroxidase
(HRP) and alkaline phosphatase are commonly used enzymes
in this context. These enzymes catalyze the conversion of
substrates, such as luminol, into light-emitting products,
facilitating the visualization of protein bands with remarkable
clarity and minimal detection thresholds. This technique is
particularly advantageous in applications like allergen
detection and post-translational modification studies, where
precise identification of low-abundance proteins is critical.
The compatibility of chemiluminescent methods with
Western blotting protocols further enhances their utility in
complex food matrices (Idoko et al., 2024).

Both detection techniques contribute significantly to the
characterization of proteins in nutritional science. They
enable researchers to detect subtle changes in protein
structure, such as those resulting from food processing or
storage, thereby supporting the assessment of food quality
and safety. Moreover, advancements in imaging technologies
have optimized the application of these methods, providing
greater resolution and reproducibility in  protein
quantification. These improvements ensure that SDS-PAGE
remains a vital tool in nutritional and food quality research
(Zhang et al., 2020).

V. APPLICATIONS OF SDS-PAGE IN
NUTRITIONAL SCIENCE

A. Protein Composition Analysis in Food Products

Protein composition analysis in food products plays a
critical role in nutritional science and food quality
assessment, providing valuable insights into dietary protein
sources and their functional properties. SDS-PAGE is a
cornerstone method for characterizing protein composition,
offering precise separation of proteins based on their
molecular weight. This technique is widely employed to
evaluate the presence and abundance of specific proteins in
complex food matrices, such as milk, meat, cereals, and
processed products. The detailed profiling facilitated by SDS-
PAGE supports the identification of dietary proteins essential
for formulating nutrient-enriched and allergen-free food
products (Idoko et al., 2011).
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One of the key applications of SDS-PAGE in food
science is the assessment of protein quality and content in
fortified and processed foods. This technique allows for the
verification of protein enrichment claims and the detection of
adulterants or low-quality ingredients. For instance, the
quantification of casein and whey proteins in dairy products
is critical for understanding their nutritional and functional
attributes. Additionally, SDS-PAGE has been instrumental in
detecting protein degradation during food processing or
storage, which can affect the bioavailability and structural
integrity of essential amino acids. These applications
highlight the importance of SDS-PAGE in maintaining food
quality standards and ensuring consumer safety (Boye et al.,
2012).

Moreover, advancements in SDS-PAGE protocols, such
as gradient gels and improved staining techniques, have
enhanced its capacity to analyze protein modifications and
interactions within food matrices. This has enabled
researchers to study the effects of various processing
methods, such as heating, drying, or fermentation, on protein
structure and functionality. Such insights are crucial for
optimizing food formulations and improving the nutritional
value of products. Thus, SDS-PAGE remains a pivotal tool in
protein composition analysis, underpinning its continued
relevance in nutritional science and food quality research
(Idoko et al., 2024).
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» Identifying Dietary Proteins in Complex Mixtures

Identifying dietary proteins in complex mixtures is a
fundamental aspect of nutritional research, as it provides
critical information about protein sources, quality, and
functionality in food products. SDS-PAGE is a highly
effective technique for this purpose, as it separates proteins
based on their molecular weight, enabling the
characterization of diverse protein profiles within intricate
food matrices. This approach is particularly valuable for
analyzing plant- and animal-derived protein blends, where
understanding the individual components is essential for
product formulation and nutritional optimization. For
example, the identification of specific proteins such as gluten
in cereals or casein in dairy products ensures the accurate
labeling of allergenic components, thereby protecting
consumer health (Shewry et al., 2009).

The application of SDS-PAGE to study dietary proteins
is particularly critical in processed and fortified foods, which
often contain protein isolates or hydrolysates from multiple
sources. In these scenarios, SDS-PAGE facilitates the
detection and quantification of target proteins, providing a
clear distinction between desired components and potential
contaminants. Furthermore, the technique supports the study
of protein integrity, revealing structural modifications or
aggregation phenomena induced by processing conditions
such as heating, enzymatic treatment, or pH adjustment.
These insights are instrumental in optimizing processing
parameters to retain the nutritional and functional properties
of proteins in food products (Creusot et al., 2011).

1027



https://doi.org/10.5281/zenodo.14744563
http://www.ijisrt.com/

Volume 10, Issue 1, January — 2025
ISSN No:-2456-2165

International Journal of Innovative Science and Research Technology

https://doi.org/10.5281/zenod0.14744563

Table 8: Applications of SDS-PAGE in Dietary Protein Analysis

Application Analysis Type

Benefits Key Outcomes

Food Matrix Analysis

Separation by molecular weight

Characterizes diverse Enables identification of
protein profiles protein sources

Processed Food Analysis
sources

Detection of multiple protein

Distinguishes components Supports quality control
and contaminants and labeling

Protein Modification

Assessment of structural changes

Reveals processing-induced | Helps optimize processing

Studies alterations parameters
Advanced Applications Two-dimensional electrophoresis Improves resolution and Enables low-abundance
and enhanced staining sensitivity protein detection

Recent advancements in SDS-PAGE technology, such
as two-dimensional electrophoresis and enhanced staining
methods, have further refined its application in identifying
dietary proteins in complex mixtures. These developments
improve the resolution and sensitivity of protein detection,
making it possible to analyze low-abundance proteins that
play critical roles in food quality and nutritional value. By
enabling precise characterization of protein profiles, SDS-
PAGE continues to be an indispensable tool for advancing
nutritional science and ensuring the development of high-
quality food products (Kim et al., 2016).

» Protein Content in Fortified Foods

The evaluation of protein content in fortified foods is a
critical aspect of nutritional research and food quality control,
ensuring that such products meet the intended dietary and
health benefits. SDS-PAGE is an essential analytical tool for
verifying protein enrichment in fortified foods, as it facilitates
the precise separation and identification of individual proteins
within complex matrices. By resolving proteins based on their
molecular weight, SDS-PAGE provides quantitative insights
into the presence and proportion of added proteins, such as
whey, soy, or casein, which are commonly used to enhance
the nutritional profile of processed foods. This technique is
particularly valuable in determining the authenticity of
protein fortification claims, helping to maintain transparency
and consumer trust (Idoko et al., 2024).

In addition to quantifying fortified proteins, SDS-PAGE
also aids in assessing the quality of these proteins after
processing. Heat treatments, extrusion, and enzymatic
modifications can alter protein structure, potentially affecting
bioavailability and functional properties. Through its ability
to detect denaturation, aggregation, and degradation, SDS-
PAGE provides a robust framework for studying the impact
of processing conditions on protein integrity. For example,
the evaluation of lysine degradation in protein-fortified cereal
products is essential to ensure that the nutritional quality of
the fortified proteins is retained (Meade et al., 2020).

Advancements in SDS-PAGE, such as gradient gel
systems and improved staining methods, have enhanced its
utility in protein content analysis. These innovations allow for
greater sensitivity and reproducibility, enabling the detection
of even minor protein modifications in fortified foods. By
ensuring that fortified foods provide their intended nutritional
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benefits, SDS-PAGE supports the development of high-
quality, health-focused food products, ultimately contributing
to better public health outcomes (Lu et al., 2017).

B. Characterization of Protein Modifications

The characterization of protein modifications is pivotal
in nutritional science, as it provides critical insights into the
structural and functional changes that occur during food
processing, storage, and digestion. SDS-PAGE is a robust
analytical technique widely employed for detecting protein
modifications such as post-translational modifications
(PTMs), aggregation, and denaturation. By separating
proteins based on their molecular weight, SDS-PAGE
enables the identification of altered proteins, offering a clear
understanding of the effects of environmental and processing
conditions on protein structure. For instance, it has been
extensively utilized to study glycation and phosphorylation,
which are common PTMs that can influence the allergenicity,
digestibility, and nutritional quality of food proteins (Idoko et
al., 2012).

The detection of aggregation and denaturation using
SDS-PAGE is particularly relevant in processed foods, where
thermal treatments and high-pressure processing are
employed to ensure safety and enhance texture. Protein
aggregation, often resulting from intermolecular disulfide
bond formation, can be observed as high molecular weight
bands on SDS-PAGE gels. Similarly, denaturation-induced
loss of secondary structure can be inferred from shifts in
electrophoretic mobility. Such analyses are critical for
assessing the functional properties of proteins, including
solubility, emulsification, and foaming capacity, which are
essential for maintaining the quality and sensory attributes of
food products (Kinsella et al., 2013).

Advancements in SDS-PAGE protocols, including
gradient gels and tandem methods with mass spectrometry,
have further refined the study of protein modifications. These
techniques enhance sensitivity and resolution, enabling the
detailed characterization of minor modifications that can
significantly impact protein function. By elucidating the
mechanisms underlying protein alterations, SDS-PAGE
supports the optimization of food processing techniques and
the development of nutritionally superior products, ensuring
that protein functionality and bioavailability are preserved
(Chen et al., 2018).
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Fig 16: Common Types of Protein Post-Translational Modifications (Creative Proteomics, 2022). The Image Depicts Nine Major
Protein Modifications, Showing their Addition Sites and Chemical Changes. These Include Hydroxylation, Phosphorylation,
Glycosylation, Ubiquitination, SUMOylation, Disulfide Bonding, Acetylation, Lipidation, and Methylation, with mRNA and

Ribosome Involvement in Protein Synthesis

» Post-Translational Modifications (PTMs)
Post-translational modifications (PTMs) are critical
biochemical changes that occur to proteins after their
synthesis, significantly influencing their structure, function,
and stability. In the context of food and nutritional science,
PTMs such as glycation, phosphorylation, and oxidation play
a vital role in determining protein quality and functionality.
SDS-PAGE serves as an indispensable tool for analyzing
these modifications, as it provides a means to separate and
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detect altered proteins based on their molecular weight. For
instance, glycation, a reaction between reducing sugars and
amino acids in proteins, is commonly studied in processed
foods to understand its impact on protein allergenicity and
digestibility. SDS-PAGE combined with specific staining
techniques has proven effective in identifying glycated
proteins, offering insights into how processing conditions,
such as heating, influence these modifications (Ahmed et al.,
2013).
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Phosphorylation, another significant PTM, affects the
functionality and bioactivity of proteins. It is particularly
relevant in dairy and cereal proteins, where phosphorylation
enhances emulsifying and gelation properties. SDS-PAGE,
often used in conjunction with phospho-specific stains,
enables the detection and quantification of phosphorylated
proteins in food products. This capability is critical for
optimizing food formulations and ensuring the stability of
functional proteins during storage. Moreover, oxidative
modifications, which commonly occur during food
processing and storage, can lead to protein cross-linking and
aggregation. These changes are effectively visualized using
SDS-PAGE, facilitating a comprehensive understanding of
the mechanisms and effects of oxidative stress on protein
quality (Xiong et al., 2015).

Advances in SDS-PAGE protocols, such as the
integration of mass spectrometry for downstream analysis,
have enhanced the ability to characterize PTMs in greater
detail. These techniques allow for the precise identification of
modification sites and their extent, offering valuable insights
into how PTMs influence protein structure and function. By
providing a robust framework for studying PTMs, SDS-
PAGE continues to be a cornerstone method in nutritional
science, contributing to the development of high-quality,
functional food products (Zhu et al., 2019).
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» Denaturation and Aggregation Studies

Denaturation and aggregation of proteins are key
phenomena studied in food science, as they significantly
influence the functional and nutritional properties of food
products. Denaturation involves the disruption of a protein’s
native structure, while aggregation often follows as unfolded
proteins interact to form larger complexes. These processes
are particularly relevant in food systems subjected to thermal
treatments, pH variations, or high-pressure processing. SDS-
PAGE is a fundamental tool for studying protein denaturation
and aggregation, as it enables the separation and visualization
of individual protein species based on their molecular weight.
Changes in protein migration patterns on SDS-PAGE gels
provide valuable insights into structural disruptions and
aggregation, which are critical for understanding the effects
of processing on food quality (Nakai et al., 2015).

In food processing, protein aggregation is often
associated with intermolecular interactions such as disulfide
bond formation or hydrophobic interactions. SDS-PAGE can
distinguish between monomeric, oligomeric, and aggregated
protein forms, providing a clear representation of the extent
of aggregation. For example, the formation of protein
aggregates in dairy products during heating can impact
texture and stability, making it essential to monitor these
changes. Similarly, denaturation of proteins like gluten in
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wheat-based products affects their viscoelastic properties,
which are crucial for baking performance. SDS-PAGE has
proven to be an effective method for evaluating these
alterations, aiding in the optimization of processing
conditions to preserve desirable protein functionality (Havea
et al., 2017).

Recent advancements in SDS-PAGE protocols, such as
the use of reducing and non-reducing conditions, have
enhanced its ability to distinguish between covalent and non-
covalent protein interactions. This distinction is essential for
understanding the mechanisms underlying denaturation and
aggregation in various food matrices. By providing detailed
insights into these structural changes, SDS-PAGE continues
to play a pivotal role in food research, ensuring the
development of high-quality products with desirable textural
and nutritional attributes (Schmitt et al., 2019).

C. Food Quality and Allergen Detection

Food quality and allergen detection are crucial
components of food safety and consumer protection,
requiring precise analytical methods to ensure compliance
with regulatory standards and to address public health
concerns. SDS-PAGE is an indispensable tool for evaluating
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food quality by characterizing protein integrity and
identifying potential allergens in complex food matrices
(Enyojo et al., 2024). This technique enables the separation
of proteins by molecular weight, allowing for the detection of
specific proteins that serve as markers of quality or safety.
For instance, SDS-PAGE is widely used to monitor protein
degradation in processed foods, ensuring that thermal or
enzymatic treatments do not adversely affect the nutritional
and functional properties of proteins (Jung et al., 2016).

In allergen detection, SDS-PAGE plays a critical role in
identifying allergenic proteins in foods such as peanuts, tree
nuts, milk, and seafood. Combined with immunaoblotting
techniques, SDS-PAGE facilitates the identification of
proteins that trigger allergic responses, even at trace levels.
This application is particularly important for validating food
labeling practices and protecting individuals with food
allergies. Additionally, the method allows researchers to
study structural changes in allergens during food processing,
as these changes can either reduce or enhance allergenic
potential. For example, heat-induced denaturation and
aggregation of allergenic proteins may alter their
immunoreactivity, an area where SDS-PAGE provides
invaluable insights (Costa et al., 2014).

Table 9: Applications of SDS-PAGE in Food Safety and Quality Control

Application Purpose

Method Significance

Food Quality
Analysis processed foods

Evaluating protein integrity in | SDS-PAGE with gradient gels | Monitors protein degradation and

nutritional value

SDS-PAGE with
immunoblotting
High-resolution SDS-PAGE

Enables trace-level detection of
allergens
Tracks changes in protein
structure during processing
Supports regulatory requirements

Allergen Detection Identifying allergenic proteins

Structural Analysis | Studying protein modifications

Safety Compliance Validating food labeling SDS-PAGE with mass

spectrometry and consumer safety

Advancements in SDS-PAGE, such as the development
of high-resolution gradient gels and compatibility with mass
spectrometry, have further enhanced its utility in food quality
and allergen detection. These improvements enable the
detailed profiling of low-abundance proteins and modified
allergens, ensuring greater sensitivity and specificity in
analyses. By offering robust and reliable methods for protein
characterization, SDS-PAGE continues to be a cornerstone in
the evaluation of food quality and allergen safety, supporting
regulatory compliance and fostering consumer confidence in
food products (Poms et al., 2010).

» Allergenic Protein Identification

The identification of allergenic proteins is a critical
aspect of food safety and regulatory compliance, aimed at
protecting individuals with food allergies. SDS-PAGE is a
fundamental tool in this field, offering the capacity to
separate proteins based on molecular weight, enabling the
identification of potential allergens in complex food matrices.
Combined with immunoblotting techniques, SDS-PAGE
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allows for the detection of allergenic proteins, even at low
concentrations, by pairing separated proteins with allergen-
specific antibodies. This combination is particularly useful in
detecting allergens in processed foods, where structural
modifications might mask their immunogenic properties. For
example, SDS-PAGE has been successfully employed to
identify major allergens such as Ara h proteins in peanuts and
caseins in milk (Besler et al., 2001).

In food processing, thermal treatments and enzymatic
modifications can alter the structure and immunoreactivity of
allergenic proteins, potentially reducing or enhancing their
allergenic potential. SDS-PAGE is instrumental in studying
these structural changes by comparing native and processed
proteins. It has been observed that some allergens, such as
ovomucoid in eggs, retain their allergenicity after heating,
while others lose their immunoreactivity due to denaturation.
These insights are critical for risk assessment and for guiding
the design of hypoallergenic food products (Sathe et al.,
2005).
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Allergen detection

Multiplex microarray-
based immunoassay

* Multiplex detection with a
single test

= Detection of IgE-binding
allergens
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Fig 18: Methods of Food Allergen Detection and Analysis (Tuppo et al., 2022). The Image Outlines Various Detection Methods
for Food Allergens, from Conventional Approaches to DNA-based Techniques, Biosensors, Mass Spectrometry, and
Immunoassays (ELISA and LFIA). It Highlights an Innovative Multiplex Microarray-Based Immunoassay that Enables
Simultaneous Detection of Multiple Allergens and unknown IgE-Binding Proteins.

Recent advancements in SDS-PAGE, such as the use of
high-resolution gradient gels and enhanced staining
techniques, have improved the detection and analysis of
allergenic proteins. Furthermore, the integration of SDS-
PAGE with mass spectrometry provides detailed profiling of
allergenic proteins, allowing researchers to identify post-
translational modifications and peptide sequences that
contribute to allergenicity. By enabling precise identification
and characterization of allergenic proteins, SDS-PAGE
continues to support food allergen management and enhances
consumer safety (Mills et al., 2007).

» Assessing Protein Stability and Integrity

Assessing protein stability and integrity is crucial in
food science, as it directly impacts the functional, nutritional,
and sensory qualities of food products. Protein stability refers
to a protein's resistance to denaturation and degradation under
various processing and storage conditions, while integrity
relates to the preservation of its native structure and
functional properties. SDS-PAGE is an indispensable tool for
evaluating these characteristics, as it enables the separation
and visualization of proteins based on their molecular weight.
The technique effectively reveals protein degradation and
aggregation, providing insights into how thermal treatments,
enzymatic modifications, or oxidative stress influence protein
behavior in food matrices. For example, SDS-PAGE is
commonly employed to study the effects of heat-induced
denaturation on dairy proteins such as casein and whey,
which are critical for maintaining texture and stability in dairy
products (Idoko et al., 2024).

The integrity of proteins during food processing is also
essential for allergenicity and bioavailability. Structural
changes caused by processing can alter immune reactivity or
reduce the accessibility of essential amino acids. SDS-PAGE,
coupled with reducing and non-reducing conditions, allows
for a detailed investigation of disulfide bond formation and
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other covalent modifications that affect protein functionality.
For instance, in meat products, SDS-PAGE has been used to
examine protein cross-linking during cooking, a process that
contributes to the firmness and water-holding capacity of the
final product. Such analyses are vital for optimizing
processing parameters to preserve desirable product qualities
while minimizing nutrient loss (Rybka et al., 2015).

Advancements in SDS-PAGE, such as gradient gels and
enhanced staining techniques, have further improved the
resolution and sensitivity of protein stability studies. These
developments, combined with complementary techniques
like mass spectrometry, provide comprehensive insights into
the structural dynamics of proteins under different conditions.
By enabling precise assessments of protein stability and
integrity, SDS-PAGE plays a pivotal role in ensuring the
production of high-quality, functional food products that
meet consumer expectations and regulatory standards (Ghosh
etal.,, 2017).

V. ADVANCES AND CHALLENGES IN SDS-
PAGE

A. Innovations in SDS-PAGE Technology

Innovations in  SDS-PAGE  technology have
significantly enhanced its utility in protein analysis, enabling
greater sensitivity, resolution, and compatibility with
downstream analytical techniques. Among the most notable
advancements are the development of mini-gel and precast
gel systems, which simplify the electrophoresis process and
improve reproducibility. Precast gels, in particular, eliminate
the variability associated with manual gel preparation and
offer consistent gel quality, making them ideal for high-
throughput  applications in research and industry.
Additionally, mini-gel systems reduce the volume of reagents
required, streamline workflow, and allow for faster run times,
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further increasing the efficiency of protein analysis (Andrews
etal., 2014).

Another significant innovation in SDS-PAGE
technology is the introduction of gradient gels, which provide
superior resolution by accommodating proteins of varying
molecular weights on the same gel. Gradient gels enable the
separation of low- and high-molecular-weight proteins
simultaneously, making them particularly valuable for
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analyzing complex protein mixtures. Enhanced staining
methods have also improved the sensitivity of protein
detection, with fluorescent and chemiluminescent stains
offering lower detection limits compared to traditional
Coomassie or silver staining. These staining techniques are
compatible with automated imaging systems, facilitating
precise quantification and documentation of protein bands
(Lopez et al., 2018).

Fig 19: Advanced SDS-PAGE Control Station (Thescientist, 2024). The Image Shows a Modern SDS-PAGE Equipment Setup

Featuring a Millipore Control Station with Digital Interface, Representing Technological Advancement in Gel Electrophoresis

The integration of SDS-PAGE with other analytical
technologies, such as mass spectrometry and Western
blotting, represents another important development. Tandem
methods allow for the detailed characterization of proteins,
including post-translational modifications and peptide
sequencing (Ayoola et al., 2024). Advances in gel extraction
protocols have improved protein recovery for mass
spectrometry analysis, ensuring minimal loss of material and
better identification of target proteins. These innovations
collectively underscore the continued evolution of SDS-
PAGE as a versatile and indispensable tool in protein
analysis, contributing to significant progress in food science,
biochemistry, and molecular biology (Kim et al., 2016).
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» Mini-Gel and Precast Gel Systems

Mini-gel and precast gel systems represent significant
innovations in SDS-PAGE technology, offering enhanced
efficiency, reproducibility, and ease of use. Mini-gels, with
their reduced size, require smaller volumes of samples and
reagents, making them cost-effective and suitable for high-
throughput applications. These systems also feature shorter
run times, typically less than an hour, without compromising
resolution. Such efficiency is particularly valuable in research
environments where rapid analysis is essential. Precast gels
complement these benefits by providing ready-to-use
formats, eliminating the time-consuming and error-prone
process of manual gel preparation. Their uniform quality
ensures consistent electrophoretic performance across
experiments, a critical factor in reproducible protein analysis
(Lopez et al., 2018).
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Table 10: Mini-Gel and Precast Gel Systems: Features and Benefits.

Feature Advantages

Applications Technical Benefits

Mini-gel Systems | Reduced sample volume, shorter run

times, cost-effective

High-throughput screening, rapid

Enhanced efficiency
without compromising
resolution

analysis

Precast Gels Ready-to-use, uniform quality,

consistent performance

Protein separation, molecular

Eliminates manual

weight analysis preparation errors

Gradient Gels Multiple acrylamide concentrations,

versatile separation

Diverse protein weight ranges,

Improved protein resolution

complex sample analysis and separation

Commercial
Systems

Wide compatibility, standardized
protocols

Academic and industrial research,

Streamlined workflow,
reduced variability

routine analysis

The reliability and convenience of precast gel systems
have facilitated their widespread adoption in both academic
and industrial laboratories. These gels are manufactured
under controlled conditions, ensuring consistent pore size and
gel thickness, which are crucial for accurate protein
separation. Moreover, many precast systems are designed to
be compatible with advanced imaging technologies and
automated workflows, further enhancing their practicality.
The use of mini-gels and precast gels has been shown to
reduce variability in protein banding patterns, thereby
improving the reliability of downstream analyses, such as
mass spectrometry or Western blotting (Andrews et al.,
2014).

Another advantage of mini-gel and precast gel systems
is their adaptability to various experimental needs. Precast
gels are available in different acrylamide concentrations,
including gradient gels, enabling researchers to tailor their
selection based on the molecular weight range of target
proteins. Their compatibility with commercially available
electrophoresis units also reduces the need for specialized

equipment, making them accessible to a wide range of users.
These innovations have streamlined SDS-PAGE workflows,
enhancing the method’s utility in protein characterization,
food quality assessment, and molecular biology research
(Kim et al., 2016).

» High-Sensitivity Staining Methods

High-sensitivity staining methods have significantly
advanced the detection and quantification of proteins in SDS-
PAGE, addressing the need for more precise and efficient
protein visualization. Traditional staining techniques, such as
Coomassie Brilliant Blue and silver staining, are widely used
but often lack the sensitivity required for detecting low-
abundance proteins. To overcome these limitations,
fluorescent and chemiluminescent staining methods have
been developed, offering superior sensitivity, lower detection
limits, and broader dynamic ranges. These innovations allow
for the visualization of nanogram-level protein quantities
while maintaining compatibility with downstream analyses,
such as mass spectrometry or Western blotting (Lopez et al.,
2018).

Flamingo

Coomassie Blue

SYPRO Ruby

Silver

e

Fig 20: Comparison of Different Protein Staining Methods in Gel Electrophoresis (BIO-RAD, 2025). The Image Displays Six
Different Protein Staining Techniques: Flamingo (Pink), Coomassie Blue (Light Blue), Silver (Brown/Black), Oriole
(Golden Yellow), SYPRO Ruby (Red), and Stain-Free (Grayscale). Each Method Shows Distinct Protein Spot
Patterns with Varying Sensitivities and Visualization Characteristics
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Fluorescent staining methods, such as SYPRO Ruby
and Deep Purple, have revolutionized protein detection by
providing high sensitivity with minimal background
interference. These stains bind specifically to proteins and are
compatible with automated imaging systems, enabling
precise quantification and multiplexing capabilities.
Chemiluminescent staining, on the other hand, utilizes
enzyme-substrate reactions to produce light, which is
detected using specialized imaging equipment. Techniques
involving  luminol-based  substrates or  enhanced
chemiluminescence (ECL) have demonstrated exceptional
utility in identifying trace protein amounts, particularly in
complex food matrices or diagnostic applications. The high
specificity of these methods reduces false positives and
ensures accurate protein characterization (Hirsch et al.,
2015).

The adoption of high-sensitivity staining methods has
also facilitated greater reproducibility in protein analysis.
These methods are less prone to variability compared to
traditional stains and allow for consistent visualization across
different experiments. Furthermore, they are compatible with
two-dimensional electrophoresis (2-DE) and other advanced
SDS-PAGE techniques, enabling detailed protein profiling
and identification of post-translational modifications. By
providing researchers with reliable and versatile tools for
protein detection, high-sensitivity staining methods have
become indispensable in fields such as food science,
molecular biology, and clinical diagnostics (Kim et al., 2016).
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B. Integration with Downstream Analytical Techniques

The integration of SDS-PAGE with downstream
analytical techniques has greatly enhanced its versatility and
depth in protein characterization. SDS-PAGE, as a
preparative step, provides highly resolved protein bands that
can be subjected to further analysis, enabling the study of
complex biological systems. Among the most notable
integrations is its combination with mass spectrometry (MS),
a technique that allows for the precise identification of
proteins and their post-translational modifications. Following
separation by SDS-PAGE, proteins can be excised from the
gel, digested enzymatically, and analyzed by MS. This
approach has been pivotal in proteomics, facilitating the
identification of thousands of proteins in diverse matrices
such as food products and biological samples (Shevchenko et
al., 2006).

Another significant application is the integration of
SDS-PAGE with Western blotting, a method widely used for
detecting specific proteins using antibodies. This
combination enhances the analytical power of SDS-PAGE by
providing qualitative and semi-quantitative information
about target proteins. Western blotting is particularly useful
in studying protein-protein interactions, detecting low-
abundance proteins, and verifying the presence of specific
biomarkers in diagnostic and food safety research. For
example, in allergen detection, SDS-PAGE coupled with
Western  blotting  enables  the identification  of
immunoreactive proteins in complex food systems, offering
critical insights into allergenicity (Towbin et al., 1979).

Table 11: SDS-PAGE Integration with Advanced Analytical Methods.

Integration Method Primary Function

Applications Key Benefits

Protein identification, Post-
translational modification
analysis

Mass Spectrometry

Proteomics, Complex

Precise molecular
characterization, High-throughput
identification

matrix analysis

Western Blotting Specific protein detection,

Antibody-based analysis

Sensitive detection, Protein-
protein interaction studies

Allergen detection,
Biomarker studies

FTIR Spectroscopy Secondary structure
analysis, Chemical

modification assessment

Food processing studies,

Comprehensive structural

Protein stability analysis, Quality assessment

Combined Analysis Multifaceted protein

characterization

Food research, Diagnostic

Enhanced analytical depth,
Complete protein profiling

applications

Further advancements in coupling SDS-PAGE with
spectroscopic techniques, such as Fourier-transform infrared
(FTIR) spectroscopy, have expanded its analytical scope.
These integrations allow researchers to assess protein
secondary structures and chemical modifications, providing a
comprehensive understanding of protein functionality. Such
methodologies have proven essential in food science for
analyzing protein stability, interactions, and quality under
various processing conditions. By bridging SDS-PAGE with
advanced analytical tools, researchers can achieve detailed
and multifaceted insights, highlighting its indispensable role
in modern proteomics and food research (Wilkins et al.,
1996).
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» Western Blotting

Western blotting is a widely used analytical technique
that integrates seamlessly with SDS-PAGE to provide
qualitative and semi-quantitative information about specific
proteins. Following protein separation by SDS-PAGE,
Western blotting involves the electrophoretic transfer of
proteins from the gel onto a membrane, typically
nitrocellulose or polyvinylidene fluoride (PVDF). This step
is followed by the detection of target proteins using
antibodies specific to the proteins of interest. Western
blotting is highly versatile, allowing for the identification of
proteins based on molecular weight and antibody recognition,
making it a critical tool in proteomics, diagnostics, and food
quality research (Towbin et al., 1979).
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The technique has proven particularly valuable in
allergen detection and food safety analysis. For example,
Western blotting is used to identify allergenic proteins in
complex food matrices, such as peanuts, milk, or seafood. By
combining SDS-PAGE’s resolving power with the specificity
of antibodies, researchers can detect immunoreactive proteins
even in trace amounts. This capability is essential for
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ensuring accurate food labeling and protecting individuals
with food allergies. Additionally, Western blotting enables
the analysis of protein modifications, such as phosphorylation
and glycosylation, which may influence allergenicity or
protein functionality under processing conditions (Mahmood
& Yang, 2012).

~ Cathode

Separated
Components

Tracking Dye ~J

Western Blot Setup

# Anode

Gel cast between glass plates,
Notches cast in top of gel to receive samples.

- Gel

+ Transfer Membrane
L+ Filter Paper

L« pads

: Support Grid

Fig 21: Western Blot Protein Analysis Setup (Stefan Pellenz, 2023). This image illustrates a Western blot apparatus, an essential
analytical technique for protein detection. The setup shows a gel sandwiched between glass plates, containing separated protein
components visualized by tracking dye. The transfer system includes multiple layers: gel, transfer membrane, filter paper, and
support grid, all immersed in buffer solution.

Advances in Western blotting, such as enhanced
chemiluminescent (ECL) and fluorescent detection methods,
have further improved its sensitivity and dynamic range.
These innovations allow for more accurate protein
quantification and multiplexing, where multiple proteins can
be detected simultaneously. The integration of SDS-PAGE
with Western blotting thus continues to be a cornerstone
methodology in  protein  characterization,  offering
unparalleled precision and reliability in both research and
industrial applications (Kurien & Scofield, 2006).
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» Mass Spectrometry

Mass spectrometry (MS) is a powerful analytical
technique that, when integrated with SDS-PAGE, enables the
detailed identification and characterization of proteins. SDS-
PAGE serves as an initial step to separate proteins based on
their molecular weight, after which protein bands of interest
can be excised from the gel for further analysis (Ayoola et al.,
2024). These excised proteins are digested into peptides,
typically using trypsin, and subjected to MS for precise
identification. This combination allows researchers to study
protein  composition, post-translational  modifications
(PTMs), and interactions in complex biological and food
matrices with high sensitivity and accuracy (Shevchenko et
al., 2006).
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Fig 22: Mass Spectrometery Principles of Operation (Khan Academy, 2023). The Image Depicts a Mass Spectrometer's Key
Components, Showing the Sample's Journey through lonization, Acceleration, and Detection. The Process Begins with Sample
Vaporization, followed by Electron Beam lonization. lons are then Accelerated and Separated by a Magnetic Field based on Mass,
before Reaching the Detector.

One of the major applications of MS following SDS-
PAGE is in proteomics, where it is used to identify large
numbers of proteins in a sample. The technique is particularly
valuable for analyzing proteins in food science, such as
detecting allergenic or functional proteins in complex food
systems. By coupling SDS-PAGE with MS, researchers can
also examine structural modifications induced by processing,
such as oxidation or glycation, which can influence protein
functionality and nutritional value. This approach is critical
for understanding the impact of food processing on protein
stability and ensuring the development of high-quality food
products (Aebersold & Mann, 2003).

Recent advancements, such as tandem mass
spectrometry (MS/MS) and high-resolution MS, have
significantly enhanced the analytical capabilities of this
integrated approach. These innovations allow for deeper
insights into protein structure and modifications, including
PTM mapping and quantification. Moreover, the improved
sensitivity and accuracy of modern MS systems ensure the
detection of even low-abundance proteins, broadening the
applicability of SDS-PAGE-MS workflows in food quality
control, nutritional research, and clinical diagnostics. The
integration of SDS-PAGE with MS remains an indispensable
tool for advancing protein science (Chait, 2006).
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C. Addressing Technical Challenges

Addressing technical challenges in SDS-PAGE is
essential to ensure the accuracy, reproducibility, and
reliability of protein analysis. One common issue
encountered during SDS-PAGE is the formation of gel
artifacts, such as smeared or distorted protein bands, which
can obscure results. These artifacts often arise from improper
sample preparation, insufficient protein solubilization, or
uneven polymerization of the gel. The use of high-quality
reagents, optimized buffer systems, and stringent sample
handling protocols is critical to overcoming these challenges.
For instance, the inclusion of reducing agents, such as
dithiothreitol (DTT), ensures complete denaturation of
proteins and prevents aggregation, resulting in sharper and
more accurate band resolution (Righetti et al., 2014).

Another significant challenge lies in achieving
reproducibility in complex protein mixtures, particularly
when analyzing low-abundance proteins. Variability in gel
preparation, electrophoretic  conditions, or staining
techniques can lead to inconsistent results. Precast gels and
automated electrophoresis systems have been introduced to
mitigate these issues by standardizing the experimental
workflow. Additionally, advancements in staining methods,
including fluorescent and chemiluminescent stains, offer
higher sensitivity and consistency, facilitating the detection
of subtle protein modifications and low-abundance proteins
across multiple experiments (Lopez et al., 2018).
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Table 12: Common Technical Challenges and Solutions in SDS-PAGE.

Challenge Cause

Solution

Impact

Gel Artifacts Improper sample prep,
uneven polymerization

High-quality reagents,
optimized buffers, reducing
agents

Improved band resolution,
accurate results

Reproducibility Issues Variability in preparation

and conditions

Precast gels, automated
systems, standardized
workflows

Consistent results, reliable
analysis

Inefficient extraction
methods, sample loss

Protein Recovery

Refined in-gel digestion,
electroelution techniques

Enhanced sensitivity, better
downstream analysis

Low Abundance Detection Staining limitations,

sensitivity issues

Advanced fluorescent and
chemiluminescent stains

Improved detection of subtle
modifications

Challenges associated with protein extraction and
recovery from gels for downstream applications, such as mass
spectrometry or Western blotting, require careful
optimization. Inefficient protein recovery can resultin sample
loss and reduced analytical sensitivity. Techniques such as in-
gel digestion and electroelution have been refined to enhance
protein extraction while preserving their structural integrity.
These advancements, combined with improvements in gel
quality and imaging technologies, continue to address the
technical hurdles of SDS-PAGE, ensuring its role as a robust
and reliable tool in protein analysis and food science (Hrabak
et al., 2017).

» Troubleshooting Gel Artifacts

Troubleshooting gel artifacts in SDS-PAGE is a critical
step to ensure reliable protein analysis. Gel artifacts, such as
streaking, smearing, or distorted bands, can obscure results
and compromise data quality. These issues are often caused
by improper sample preparation, such as incomplete protein
solubilization or overloading of the sample. To address these
challenges, optimizing sample preparation is essential. This
includes using appropriate concentrations of detergents like
SDS and reducing agents such as dithiothreitol (DTT) to
ensure complete denaturation of proteins. Additionally,
avoiding the introduction of particulates or lipids that may
interfere with electrophoresis helps to prevent uneven
migration (Righetti et al., 2014).

Electrophoretic conditions, such as buffer quality, gel
composition, and run parameters, also play a significant role
in artifact formation. Inconsistent gel polymerization, often
resulting from improperly mixed acrylamide or imbalanced
catalyst ratios, can lead to wavy or uneven band patterns.
Ensuring fresh preparation of polymerization reagents and
using precast gels can minimize these inconsistencies.
Similarly, maintaining a stable running temperature and
voltage throughout the electrophoresis process prevents
overheating, which could cause protein degradation or
smearing. The use of high-quality buffers and proper pH
calibration also reduces ionic imbalances that could distort
protein separation (O’Farrell, 1975).
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Staining and visualization techniques may further
contribute to gel artifacts, particularly when using highly
sensitive staining methods. Uneven staining or excessive
background noise can obscure protein bands, necessitating
careful optimization of staining protocols. For example,
ensuring adequate washing steps after staining removes
unbound dye, enhancing the clarity of protein bands. By
systematically addressing each step of the SDS-PAGE
workflow, researchers can troubleshoot and resolve gel
artifacts effectively, ensuring accurate and reproducible
results in protein analysis (Lopez et al., 2018).

» Reproducibility in Protein Quantification

Reproducibility in protein quantification is critical for
ensuring reliable and comparable results in SDS-PAGE-
based analyses. Achieving consistent outcomes requires
standardization of methodologies, including precise sample
preparation, gel composition, and imaging protocols.
Scanning densitometry is frequently used to quantify protein
bands; however, the accuracy of this method can be
influenced by inconsistencies in staining and imaging
conditions.  Introducing internal  standards  during
electrophoresis has been shown to improve reproducibility by
enabling the normalization of band intensities relative to a
reference protein, mitigating variability across experiments
(Lietal., 2010).

The reproducibility of protein quantification also
depends on the robustness of gel staining and imaging
techniques. Advances in stain-free technology have
significantly enhanced reproducibility by allowing
visualization of total protein content directly on the gel,
eliminating variability introduced during post-electrophoretic
staining processes. Moreover, rigorous control of
electrophoretic conditions, such as temperature and voltage,
reduces the impact of environmental factors on protein
migration, further enhancing reproducibility (Olsman et al.,
1985).
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Fig 23: Reproducibility Analysis of Cell Intensity Measurements (Zhu et al., 2018). The Image Shows Correlation Plots (a-c)
Comparing Log-Scaled Cell Intensities Across Different Sample Sizes, with High R2 Values (0.97-0.98) Indicating Strong
Reproducibility. The Violin Plot (d) Displays Coefficient Variations across Three Cell-Count Ranges, Demonstrating Consistent
Measurement Reliability across Different Sample Sizes.

Collaborative multi-laboratory studies emphasize the
importance of standardized protocols to achieve reproducible
quantification. These studies highlight the need for
meticulous protocol adherence, from sample loading to data
analysis, ensuring that observed variations are attributed to
biological differences rather than technical inconsistencies
(Defernez et al., 2010).

CONCLUSION AND FUTURE PERSPECTIVES

A. Summary of Key Findings

The review highlights several key findings that
underscore the versatility and importance of SDS-PAGE in
protein analysis. Firstly, the technique remains foundational
for separating proteins based on molecular weight, with
widespread applications in both research and industry.
Optimization of experimental parameters, including gel
composition, buffer systems, and sample preparation, has
been shown to significantly enhance resolution and
reproducibility, making SDS-PAGE a reliable method for
complex protein mixtures. Additionally, advancements in
staining techniques, such as stain-free technology, have
improved sensitivity and facilitated the integration of SDS-
PAGE with downstream analyses like mass spectrometry.

Another important finding is the role of SDS-PAGE in
food and nutritional science, where it is used to characterize
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dietary proteins, evaluate post-translational modifications,
and monitor the integrity of functional proteins. The
technique is particularly valuable in allergen detection and
quality control, where its ability to resolve and identify
proteins in diverse food matrices ensures its continued
relevance. Recent innovations, including mini-gel systems
and pre-cast gels, have further streamlined the workflow,
reducing time and resource requirements.

Finally, while SDS-PAGE offers numerous advantages,
addressing its limitations remains critical. Challenges such as
the loss of native protein structure and limited quantification
capabilities are being tackled through complementary
techniques and protocol refinement. Collectively, these
developments reinforce SDS-PAGE as an indispensable tool
for protein characterization and its expanding role in cutting-
edge applications across life sciences and industry.

B. Future Directions for SDS-PAGE in Nutritional Science

The future of SDS-PAGE in nutritional science lies in
its adaptation and integration with advanced analytical
technologies to meet evolving research needs. One promising
direction is the incorporation of SDS-PAGE with mass
spectrometry (MS) to enable more precise identification and
guantification of dietary proteins. This integration allows
researchers to study post-translational modifications and
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protein interactions at a molecular level, advancing our
understanding of nutrition's impact on health and disease.

Additionally, innovations in gel chemistry and detection
methods are set to enhance the sensitivity and reproducibility
of SDS-PAGE. For example, stain-free technologies and
automated gel imaging systems have significantly reduced
analysis time while maintaining high resolution and accuracy.
These advancements will be critical in large-scale nutritional
studies where high-throughput and reproducibility are
paramount. Moreover, the development of miniaturized and
portable SDS-PAGE systems could expand its application to
field-based nutritional assessments, providing real-time
protein analysis in diverse settings.

As nutritional science increasingly focuses on
individualized and precision nutrition, SDS-PAGE is
expected to play a pivotal role in characterizing protein
profiles from various food sources and biological samples. Its
ability to resolve complex protein mixtures will support the
exploration of dietary protein quality, allergenicity, and
bioavailability, ensuring its continued relevance in advancing
global food and nutrition research.

C. Implications for Food Quality Control and Nutritional
Research

SDS-PAGE has far-reaching implications for food
quality control and nutritional research, providing robust
tools for protein characterization and validation. In food
quality control, SDS-PAGE enables the detection of
adulterants and verification of product authenticity by
analyzing protein profiles. For instance, the technique is
widely used to distinguish between different protein sources
in composite food products, ensuring compliance with
labeling standards and regulatory requirements. This
application is particularly valuable in identifying allergens,
ensuring consumer safety and aiding in the production of
hypoallergenic foods.

In nutritional research, SDS-PAGE supports the
exploration of dietary protein functionality and
bioavailability. By analyzing the structural changes and
integrity of proteins subjected to various processing methods,
such as fermentation or thermal treatment, researchers can
optimize food formulations to enhance nutritional value and
digestibility. The technique has been instrumental in
evaluating protein degradation and bioactive peptide
formation during food processing, which has direct
implications for designing functional foods tailored to
specific health outcomes.

Moreover, the integration of SDS-PAGE with advanced
analytical tools like mass spectrometry and high-performance
liguid chromatography offers new avenues for
comprehensive protein profiling. These advancements can
further expand the role of SDS-PAGE in nutritional science,
allowing for the identification of novel biomarkers and the
study of complex food matrices. Such applications highlight
the ongoing relevance of SDS-PAGE in addressing
contemporary challenges in food safety, quality control, and
nutritional innovation.
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