Techniques of gel electrophoresis, Techniques of capillary electrophoresis and

Applications of electrophoresis

Electrophoresis is a fundamental technique in biochemistry and molecular biology, enabling the
separation of charged molecules based on their movement in an electric field.! This versatility has led
to the development of various specialized techniques, each optimized for different types of molecules
and analytical goals.’

Techniques of Gel Electrophoresis

Gel electrophoresis is a widely used method where charged molecules migrate through a porous gel
matrix under the influence of an electric field.®> The gel acts as a molecular sieve, separating molecules
primarily by size, though charge and shape also play a role.*

1. Agarose Gel Electrophoresis (AGE):

o

Principle: Agarose, a polysaccharide extracted from seaweed, forms a gel with
relatively large pores.® This makes it ideal for separating larger molecules like DNA
and RNA fragments.® Negatively charged nucleic acids migrate towards the positive
electrode. Smaller fragments navigate the pores more easily and thus travel faster and
further than larger ones.’

Applications: DNA fingerprinting, PCR product analysis, DNA and RNA
quantification, plasmid DNA separation, and detecting DNA mutations that alter
restriction enzyme sites.®

Key Feature: The pore size of the agarose gel can be adjusted by varying the
concentration of agarose, allowing for optimal separation of different size ranges of
nucleic acids.’

2. Polyacrylamide Gel Electrophoresis (PAGE):

o

Principle: Polyacrylamide gels are formed by the polymerization of acrylamide
monomers and a cross-linking agent (bis-acrylamide).!” These gels have much
smaller and more uniform pores than agarose, making them suitable for separating
smaller molecules, particularly proteins, and very small DNA/RNA fragments.'!
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Types of PAGE:

)

Native PAGE: Proteins are separated in their native (folded) state, based on
their charge, size, and shape.'? No denaturing agents are used, preserving
protein activity.'?

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE): This is the most common form of PAGE for proteins.'* Samples are
treated with SDS, an anionic detergent that denatures proteins and coats them
with a uniform negative charge.'® This masks the protein's intrinsic charge,
allowing separation to occur almost exclusively based on molecular weight.'
Smaller proteins migrate faster.'”

Two-Dimensional (2D) Gel Electrophoresis: A highly powerful technique
that separates proteins in two steps: first by isoelectric point (pl) using
isoelectric focusing (IEF), and then by molecular weight using SDS-PAGE.'®
This provides exceptional resolution for complex protein mixtures, allowing
the separation of thousands of proteins on a single gel.

Applications: Protein purity assessment, molecular weight determination, protein
identification, analysis of protein isoforms, and proteomics studies. !’

Isoelectric Focusing (IEF):

o

Principle: IEF separates proteins based on their isoelectric point (pI), which is the pH
at which a protein has no net electrical charge.?® Proteins migrate through a pH



gradient in a gel until they reach the pH corresponding to their pl, where their net
charge becomes zero, and they stop moving.?!

Applications: Separation of protein isoforms, characterization of protein charge
variants, and as the first dimension in 2D gel electrophoresis.?

4. Pulsed-Field Gel Electrophoresis (PFGE):

o

Principle: For separating very large DNA molecules (e.g., entire chromosomes or
large genomic fragments that are too big for conventional agarose gels), PFGE uses
an electric field that is periodically switched between different directions.? This
forces large DNA molecules to reorient themselves, allowing them to "snake" through
the gel matrix. The larger the DNA molecule, the longer it takes to reorient and
migrate.?*

Applications: Genomic mapping, epidemiological typing of bacterial strains, and
analysis of chromosomal abnormalities.?

Techniques of Capillary Electrophoresis (CE)

Capillary Electrophoresis (CE) is a family of high-resolution separation techniques performed in
narrow fused-silica capillaries.?® It offers advantages like high efficiency, speed, and minimal sample
consumption. The separation occurs due to differences in electrophoretic mobility and often
electroosmotic flow (EOF).

1. Capillary Zone Electrophoresis (CZE):

@)

Principle: CZE is the simplest and most common CE mode. It separates analytes
based on their charge-to-mass ratio in a homogeneous buffer solution within the
capillary. All charged species migrate in the same direction due to the strong
electroosmotic flow (EOF) generated by the charged capillary wall, but at different
speeds, forming distinct zones. Neutral molecules migrate together with the EOF.?’

Applications: Separation of small ions, peptides, proteins, and DNA fragments;
purity assessment of pharmaceuticals; and analysis of metabolites.

2. Capillary Gel Electrophoresis (CGE):

@)

Principle: Similar to traditional gel electrophoresis, CGE incorporates a sieving
matrix (e.g., linear polymers or cross-linked gels) inside the capillary.?® This matrix
enhances separation by size, particularly for macromolecules like DNA fragments
(e.g., in DNA sequencing) and proteins, as they are forced to navigate through the
gel's pores.?

Applications: DNA sequencing (e.g., Sanger sequencing), fragment analysis (e.g.,
microsatellite analysis), and separation of large proteins.*

3. Micellar Electrokinetic Chromatography (MEKC):

o

Principle: MEKC is a hybrid technique that combines electrophoresis with
chromatography.’! It uses a surfactant (e.g., SDS) added to the buffer to form
micelles. These micelles act as a "pseudo-stationary phase." Analytes partition
between the aqueous buffer and the micelle, and their migration is influenced by both
their electrophoretic mobility and their interaction with the micelles.?? This allows for
the separation of neutral molecules, which would otherwise co-migrate in CZE.



o

Applications: Separation of neutral drugs, vitamins, and other small molecules;
chiral separations.

4. Capillary Isoelectric Focusing (cIEF):

o

Principle: Similar to IEF in gel electrophoresis, cIEF separates molecules (primarily
proteins) based on their isoelectric point (pl) within a capillary containing a pH
gradient.® Proteins migrate until they reach the pH where their net charge is zero.**

Applications: High-resolution separation and characterization of protein isoforms
and charge variants.

5. Capillary Isotachophoresis (CITP):

o

Principle: CITP is a focusing technique where analytes are separated into sharp,
contiguous zones based on their electrophoretic mobilities.* It uses two different
buffer systems: a leading electrolyte (faster mobility than any analyte) and a trailing
electrolyte (slower mobility than any analyte). Analytes migrate between these two
electrolytes, forming concentrated zones.

Applications: Sample pre-concentration, separation of ions with similar mobilities,
and analysis of complex mixtures.

Applications of Electrophoresis

Electrophoresis is an indispensable tool across a vast array of scientific and clinical disciplines due to
its high resolving power and versatility.*¢

1. Molecular Biology and Genetics:

o

DNA Fingerprinting/Profiling: Used in forensics and paternity testing to identify
individuals based on unique patterns of DNA fragments.*’

DNA Sequencing: Essential for determining the order of nucleotides in DNA, crucial
for understanding genes and genomes.

Gene Expression Analysis: Separating and quantifying RNA to study gene activity.*®

Mutation Detection: Identifying genetic variations, deletions, or insertions by
observing changes in DNA fragment sizes or protein migration patterns.

Genetic Mapping: Used to construct genetic maps by analyzing recombination
frequencies between genetic markers.

2. Proteomics and Biochemistry:

o

Protein Purity Assessment: Verifying the purity of isolated proteins for research or
therapeutic applications.*’

Molecular Weight Determination: Estimating the size of proteins (especially with
SDS-PAGE).*!

Protein Identification and Characterization: Used in conjunction with mass
spectrometry to identify proteins from complex mixtures.*

Analysis of Protein-Protein and Protein-DNA Interactions: Techniques like
Electrophoretic Mobility Shift Assay (EMSA) use electrophoresis to detect
interactions between proteins and nucleic acids.*



o

Detection of Post-Translational Modifications: Identifying modifications like

phosphorylation or glycosylation that alter protein charge or size.

3. Clinical Diagnostics:

o

Serum Protein Electrophoresis (SPEP): A routine diagnostic test to separate blood
serum proteins.** Abnormal patterns can indicate various conditions, including
inflammatory diseases, liver and kidney disorders, and monoclonal gammopathies
(e.g., multiple myeloma).

Hemoglobin Electrophoresis: Used to detect abnormal hemoglobin variants (e.g., in
sickle cell anemia or thalassemia).

Immunoelectrophoresis: Combines electrophoresis with immunology to detect and
quantify specific proteins (e.g., immunoglobulins) in serum or urine, aiding in the
diagnosis of immune disorders.*

Enzyme Analysis: Separating isoenzymes to diagnose tissue damage or specific
diseases.*

4. Forensic Science:

@)

@)

DNA Evidence Analysis: Crucial for linking suspects to crime scenes by analyzing
DNA from blood, hair, saliva, or other biological samples.

Paternity and Maternity Testing: Establishing biological relationships.*’

5. Pharmaceutical and Biotechnology Industries:

o

Quality Control: Assessing the purity and integrity of therapeutic proteins, vaccines,
and nucleic acid-based drugs.*

Drug Discovery: Analyzing drug-protein interactions and characterizing drug
candidates.®

Bioprocess Monitoring: Tracking the production and purification of
biotechnological products.>

In summary, electrophoresis, through its diverse techniques, remains a cornerstone technology,
continuously evolving to meet the demands of modern biological and medical research, diagnostics,
and industrial applications.’!



