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General overview of lecture 
This course intends to contain the following:  

• The principles, procedures, and application of centrifugation, chromatography, electrophoresis and 
analytical techniques.   

• The principles, instrumentation, and application of the following: Manometry, Photometry 
(Spectrophotometry, Spectrofluorimetry and flame photometry), Calorimetry, optical spectroscopy, X-
ray diffraction.  

• Mass and Nuclear Magnetic Resonance, Spectrometry.   
• Radioimmunoassay, pH measurement, Isotopes in Biochemistry 

 
INTENDED LEARNING OUTCOMES 
At the completion of this topic, students are expected to: 

1. Understand the basic principles of Centrifugation 
2. Detail knowledge on instrumentation for Centrifugation 
3. Know the various types of centrifuge 
4. Acquire knowledge on applications of Centrifugation 
5. Have knowledge on care of centrifuges and rotors 

 
Assignments: We expect to have 3 homework assignments throughout the course in addition to a Mid-Term 
Test and a Final Exam. Term papers are to be given and submission made on the due date. Home works in the 
form of individual assignments, and group assignments are to be organized and structured as preparation for the 
midterm and final exam, and are meant to be a studying material for both exams.  
 
Grading: We will assign 10% of this class grade to home works, 10% for the student presentation, 10% for the 
mid-term test and 70% for the final exam. The Final exam is comprehensive. 
 
Textbook: The recommended textbook for this class are as stated: 
(i) Biochemistry by Lubert Stryer 
(ii) Biochemistry by Voet and Voet 
(iii) Lehninger, A. L. Principles of Biochemistry 
 (iv) Harper, H.A. Review of Physiological Chemistry   
(v) Karlson P. Introduction to Modern Biochemistry. 
 
 
 

 



MAIN LECTURE 
CENTRIFUGATION 

A centrifuge of some kind is found in every biochemistry laboratory. Centrifuges have many applications, but 
they are used primarily for the preparation of biological samples and for the analysis of the physical properties 
of biomolecules, organelles, and cells.  
 
Centrifugation is carried out by spinning a biological sample at a high rate of speed, thus subjecting it to an 
intense force (artificial gravitational field). Most centrifuge techniques fit into one of two categories—
preparative centrifugation or analytical centrifugation. 
 
A preparative procedure is one that can be applied to the separation or purification of biological samples (cells, 
organelles, macromolecules, etc.) by sedimentation. Analytical procedures are used to measure physical 
characteristics of biological samples. For example, the purity, size, shape, and density of macromolecules may 
be defined by centrifugation. 
 
Centrifugation is used to separate all types of particle based upon their sedimentation properties. The 
sedimentation properties of particles depend on a number of different factors including size, density and shape. 
However, both density and shape vary significantly depending on the composition of the solution in which the 
particles are suspended. Particles are separated primarily on the basis of either their density (isopycnic 
separations) or size (differential pelleting and rate-zonal separations) 
 
BASIC PRINCIPLES OF CENTRIFUGATION 
A particle—whether it is a floating solid, a precipitate, a macromolecule, or a cell organelle—is subjected to a 
centrifugal force when it is rotated at a high rate of speed. The centrifugal force, F, is defined by Equation 
F = mω2r 
 
where 
F = intensity of the centrifugal force 
m = effective mass of the sedimenting particle 
ω = angular velocity of rotation in rad/sec 
r = distance of the migrating particles from the central axis of rotation 
The force on a sedimenting particle increases with the velocity of the rotation and the distance of the particle 
from the axis of rotation. 
 
INSTRUMENTATION FOR CENTRIFUGATION 
The basic centrifuge consists of two components, an electric motor with drive shaft to spin the sample and a 
rotor to hold tubes or other containers of the sample.  
 
A wide variety of centrifuges is available, ranging from a low-speed centrifuge used for routine pelleting of 
relatively heavy particles to sophisticated instruments that include accessories for making analytical 
measurements during centrifugation. Here we will describe three types, the low-speed or clinical centrifuge; the 
high speed centrifuge, including the “microfuge”; and the ultracentrifuge. 
 
Low-Speed Centrifuges 
Most laboratories have a standard low-speed centrifuge used for routine sedimentation of relatively heavy 
particles. The common centrifuge has a maximum speed in the range of 4000 to 5000 rpm. 
 
These instruments usually operate at room temperature with no means of temperature control of the samples. 
Two types of rotors, fixed angle and swinging bucket, may be used in the instrument. Centrifuge tubes or 
bottles that contain 12 or 50 mL of sample are commonly used.  



 
Low-speed centrifuges are especially useful for the rapid sedimentation of coarse precipitates or red blood cells. 
The sample is centrifuged until the particles are tightly packed into a pellet at the bottom of the tube. The upper 
liquid portion, the supernatant, is then separated by decantation. 
 
High-Speed Centrifuges 
For more sophisticated biochemical applications, higher speeds and temperature control of the rotor chamber 
are essential. The operator of this instrument can carefully control speed and temperature, which is especially 
important for carrying out reproducible centrifugations of temperature-sensitive biological samples. Rotor 
chambers in most instruments are maintained at or near 4°C. 

 
Three types of rotors are available for high-speed centrifugation: the fixed angle, the swinging-bucket, and the 
vertical rotor (Figure A–C). Fixed-angle rotors are especially useful for differential pelleting of particles (Figure 
A). In swinging-bucket rotors (Figure B), the sample tubes move to a position perpendicular to the axis of 
rotation during centrifugation. These are used most often for density gradient centrifugation. In the vertical rotor 
(Figure C), the sample tubes remain in an upright position. These rotors are used often for gradient 
centrifugation.  

 
 



Prior to the early 1990s, rotors were constructed from metals such as aluminum and titanium. Although metal 
rotors have great strength, they do have several disadvantages: they are very heavy to handle, they are not 
corrosion-resistant, and they become fatigued with use.  
 
Rotors are now available that are fabricated from carbon-fiber composite materials. They have several 
advantages over heavy metal rotors. These new rotors are 60% lighter than comparable aluminum and titanium 
rotors. Because of the lighter weight, acceleration and deceleration times are reduced; thus, centrifuge run times 
are shorter. This also results in lower service and maintenance costs. Instruments are equipped with a brake to 
slow the rotor rapidly after centrifugation. 
 
Widely used in the category of medium-speed centrifuges is the microfuge. These instruments, which are 
designed for the bench top, are used for rapid pelleting of small samples. Fixed-angle rotors are able to hold up 
to eighteen 1.5- or 0.5-mL tubes. The maximum speed of most commercial microfuges is between 12,000 and 
15,000 rpm. Some instruments can accelerate to full speed in 6 seconds and decelerate within 18 seconds. Most 
instruments have a variable speed control and a momentary pulse button for minispins. 

 
 
The preparation of biological samples almost always requires the use of a high-speed centrifuge. High-speed 
centrifuges may be used to sediment: (1) cell debris after cell homogenization, (2) ammonium sulfate 
precipitates of proteins, (3) microorganisms, and (4) cellular organelles such as chloroplasts, mitochondria, and 
nuclei. 
 
Ultracentrifuges 
The most sophisticated of the centrifuges are the ultracentrifuges. Because of the high speeds attainable, 
intense heat is generated in the rotor. The spin chamber must thus be refrigerated and placed under a high 
vacuum to reduce friction. The sample in a cell or tube is placed in a rotor, which is then driven by an electric 
motor. Although it is rare, metal rotors sometimes break into fragments when placed under high stress. The 
rotor chamber on all ultracentrifuges is covered with a protective steel armor plate. The drive shaft of the 
ultracentrifuge is constructed of a flexible material to accommodate any “wobble” of the rotor due to imbalance 
of the samples. It is still important to counterbalance samples as carefully as possible before inserting them in 
the rotor. 
 
The previously discussed centrifuges—the low, medium, and high speed—are of value only for preparative 
work, that is, for the isolation and separation of precipitates and biological samples. Ultracentrifuges can be 



used both for preparative work and for analytical measurements. Thus, two types of ultracentrifuges are 
available: preparative models, primarily used for separation and purification of samples for further analysis, 
and analytical models, which are designed for performing physical measurements on the sample during 
sedimentation. 
 
Two of the most versatile models are Beckman Optima MAX and TLX microprocessor-controlled tabletop 
ultracentrifuges. With a typical fixed-angle rotor, which holds six 0.2- to 2.2-mL samples, the instruments can 
generate 150,000 rpm. 
 
Analytical ultracentrifuges have the same basic design as preparative models, except that they are equipped with 
optical systems to monitor directly the sedimentation of the sample during centrifugation. The first commercial 
instrument of this type was the Beckman Model E, introduced in 1947. 

  
Beckman Optima TLX ultracentrifuge. 
 
For analysis, a sample of nucleic acid or protein (0.1 to 1.0 mL) is sealed in a special analytical cell and rotated. 
Light is directed through the sample parallel to the axis of rotation, and measurements of absorbance by sample 
molecules are made. (The Beckman instrument can scan the sample over the wavelength range 190 to 800 nm.) 
If sample molecules have no significant absorption bands in the wavelength range, then optical systems that 
measure changes in the refractive index may be used. Optical systems aided by computers are capable of 
relating absorbance changes or index of refraction changes to the rate of movement of particles in the sample. 
The optical system actually detects and measures the front edge or moving boundary of the sedimenting 
molecules. These measurements can lead to an analysis of concentration distributions within the centrifuge cell. 
 
APPLICATIONS OF CENTRIFUGATION 
Preparative Techniques 
Centrifuges in undergraduate biochemistry laboratories are used most often for preparative-scale separation 
procedures. This technique is quite straightforward, consisting of placing the sample in a tube or similar 
container, inserting the tube in the rotor, and spinning the sample for a fixed period. (Filled centrifuge tubes or 
bottles must be weighed and balanced before centrifugation. 



Tubes across from each other in the rotor should have approximately the same weight.) The sample is 
removed and the two phases, pellet and supernatant (which should be readily apparent in the tube), may be 
separated by careful decantation. Further characterization or analysis is usually carried out on the individual 
phases. This technique, called velocity sedimentation centrifugation, separates particles ranging in size from 
coarse precipitates to cellular organelles. 
 
Relatively heavy precipitates are sedimented in low-speed centrifuges, whereas lighter organelles such as 
ribosomes require the high centrifugal forces of an ultracentrifuge. 
 
Much of our current understanding of cell structure and function depends on separation of subcellular 
components by centrifugation. The specific method of separation, called fractional centrifugation, consists of 
successive centrifugations at increasing rotor speeds. Figure below illustrates the fractional centrifugation of a 
cell homogenate, leading to the separation and isolation of the common cell organelles. For most biochemical 
applications, the rotor chamber must be kept at low temperatures to maintain the native structure and function of 
each cellular organelle and its component biomolecules. A high-speed centrifuge equipped with a fixed-angle 
rotor is most appropriate for the first two centrifugations at 600 x g and 20,000 x g. After each centrifuge run, 
the supernatant is poured into another centrifuge tube, which is then rotated at the next higher speed. The final 
centrifugation at 100,000 x g to sediment microsomes and ribosomes must be done in an ultracentrifuge. The 
100,000 x g supernatant, the cytosol, is the soluble portion of the cell and consists of soluble proteins and 
smaller molecules. 

 
 
CARE OF CENTRIFUGES AND ROTORS 
Centrifuge equipment represents a sizable investment for a laboratory, so proper maintenance is essential. In 
addition, poorly maintained equipment is especially dangerous. Since many kinds of instruments are now 
available, specific instructions will not be given here, but general guidelines are outlined below. 
1. Carefully read the operating manual or receive proper instructions before you use any centrifuge. 
2. Check the rotor chamber for cleanliness and for damage. Clean with soap and warm water, rinse with 
distilled water, and dry. 
3. Select the proper operating conditions on the instrument. If refrigeration is necessary, set the temperature to 
the appropriate level and allow 1 to 2 hours for temperature equilibration. 
4. Select the proper rotor. Many sizes and types are available. Follow guidelines or consult your instructor. 
5. Be sure the rotor is clean and undamaged. Observe any nicks, scratches, or other damage that may cause 
imbalance. If dirty, the rotor should be cleaned with warm water and a mild, nonbasic detergent. A soft brush 
can be used inside the cavities. Rinse well with distilled water and dry. Scratches should not be made on the 
surface coating, as corrosion may result. 
6. Filled centrifuge tubes or bottles should be weighed carefully and balanced before centrifugation. 
7. Rotor manufacturers provide a maximum allowable speed limit for each rotor. Do not exceed that limit. 
8. Keep an accurate record of centrifuge and rotor use. Just as your automobile needs service after a certain 
number of miles, the centrifuge should be serviced after certain intervals of use. Centrifuge maintenance is 
usually determined by hours of use and total revolutions of the rotor. It is also essential to maintain a record of 



the use for each rotor. Metal rotors weaken with use, and the maximum allowable speed limit decreases. Rotor 
manufacturers usually provide guidelines for decreasing the allowable speed for a rotor (derating a rotor). 
9. If an unusual noise or vibration develops during centrifugation, immediately turn the centrifuge off. 
10. Carefully clean the rotor chamber and rotor after each centrifugation. 
 
 

 
A, Bench-top Eppendorf centrifuge with samples arranged symmetrically around the axis of the rotor. B, Semi-
preparative, refrigerated centrifuge with a rotor for Eppendorf tubes. C, Preparative, refrigerated centrifuge with a 
rotor for the handling of volumes up to 6 litres. D, Semi-preparative rotor with lid. E, Preparative rotor with lid. 
 

 
Centrifuge tubes. 



 

 
A, Micro-ultracentrifug. B, Rotors compatible with the micro-ultracentrifuge. C, Semi-preparative ultracentrifuge. D, 
Rotors compatible with the semi-preparative ultracentrifuge. 
 
 
INTERACTIONS AND QUESTIONS 

• Describe the types of centrifuge.  
• State the principle behind centrifugation and draw the structure of a centrifuge. 
• Centrifuge equipment represents a sizable investment for a laboratory, so proper maintenance and  

guidelines must be followed. Enumerate these guidelines. 
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General overview of lecture 
This course intends to contain the following:  

• The principles, procedures, and application of centrifugation, chromatography, electrophoresis and 
analytical techniques.   

• The principles, instrumentation, and application of the following: Manometry, Photometry 
(Spectrophotometry, Spectrofluorimetry and flame photometry), Calorimetry, optical spectroscopy, X-
ray diffraction.  

• Mass and Nuclear Magnetic Resonance, Spectrometry.   
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INTENDED LEARNING OUTCOMES 
At the completion of this topic, students are expected to: 

6. Understand the basic principles of Electrophoresis  
7. Detail knowledge on instrumentation for Electrophoresis 
8. Know the various types of gels used in Electrophoresis 
9. Know the different types of electrophoresis  
10. Acquire knowledge on visualization of protein samples 

 
Assignments: We expect to have 3 homework assignments throughout the course in addition to a Mid-Term 
Test and a Final Exam. Term papers are to be given and submission made on the due date. Home works in the 
form of individual assignments, and group assignments are to be organized and structured as preparation for the 
midterm and final exam, and are meant to be a studying material for both exams.  
 
Grading: We will assign 10% of this class grade to home works, 10% for the student presentation, 10% for the 
mid-term test and 70% for the final exam. The Final exam is comprehensive. 
 
Textbook: The recommended textbook for this class are as stated: 
(i) Biochemistry by Lubert Stryer 
(ii) Biochemistry by Voet and Voet 
(iii) Lehninger, A. L. Principles of Biochemistry 
 (iv) Harper, H.A. Review of Physiological Chemistry   
(v) Karlson P. Introduction to Modern Biochemistry. 
 
 
 

 



MAIN LECTURE 
ELECTROPHORESIS 

Basic Principles 
Electrophoresis refers to the migration of charged solutes or particles in a liquid or a porous supporting medium, 
such as cellulose acetate sheets or agarose gel film, under the influence of an electrical field. Electrophoresis is 
the process of migration of charged molecules through solutions in an applied electric field.  
 
Electrophoresis is often classified according to the presence or absence of a solid supporting medium or matrix 
through which the charged molecules move in the electrophoretic system. Solution electrophoresis systems 
employ aqueous buffers in the absence of a solid support medium. Such systems can suffer from sample mixing 
due to diffusion of the charged molecules, with resultant loss of resolution during sample application, 
separation, and removal steps. Thus, solution electrophoresis systems must employ some means of stabilizing 
the aqueous solutions in the electrophoresis cell. 
 
For example, soluble-gradient electrophoresis systems use varying densities of a non-ionic solute (e.g., sucrose 
or glycerol) to minimize diffusional mixing of the materials being separated during electrophoresis. Even with 
these refinements, solution electrophoresis systems have only limited application, usually when preparative 
scale electrophoretic separation is required. 
 
PRINCIPLE OF ELECTROPHORESIS  
If a mixture of electrically charged biomolecules is placed in an electric field of field strength E, they will freely 
move towards the electrode of opposite charge. However, different molecules will move at quite different and 
individual rates depending on the physical characteristics of the molecule and on experimental system used. The 
velocity of movement, ν, of a charged molecule in an electric field depends on variables described by  
 V= Eq/ f .                                                                                                            (1)  
where f is the frictional coefficient and q is the net charge on the molecule. The frictional coefficient describes 
frictional resistance to mobility and depends on a number of factors such as mass of the molecule, its degree of 
compactness, buffer viscosity and the porosity of the matrix in which the experiment is performed. The net 
charge is determined by the number of positive and negative charges in the molecule. Charges are conferred on 
proteins by amino acid side chains as well as by groups arising from post translational modifications such as 
deamidation, acylation or phosphorylation. DNA has a particularly uniform charge distribution since a 
phosphate group confers a single negative charge per nucleotide. Equation 1 means that, in general molecules 
will move faster as their net charge increases, the electric field strengthens and as f decreases (which is a 
function of molecular mass/shape). Molecules of similar net charge separate due to differences in frictional 
coefficient while molecules of similar mass/shape may differ widely from each other in net charge. 
Consequently, it is often possible to achieve very high resolution separation by electrophoresis. 
 
The mobility, or rate of migration, of a molecule increases with increased applied voltage and increased net 
charge on the molecule. Conversely, the mobility of a molecule decreases with increased molecular friction, or 
resistance to flow through the viscous medium, caused by molecular size and shape. Total actual movement of 
the molecules increases with increased time, since mobility is defined as the rate of migration. 
 
Most electrophoretic systems employ an equal and constant voltage on all of the cross-sectional areas of the 
paper strips, gels, or solutions employed in the electrophoretic separation. These electric fields are best defined 
in terms of volts per linear centime- ter. However, Ohm’s law (V = IR) dictates that voltage (V ) is a function of 
current (I ) and resistance (R). The nature of the electrophoresis apparatus and buffer composition dictates the 



resistance in the system. Therefore, current (e.g., mA) is often used to define the voltage requirements of an 
electrophoretic separation. The resistance of the system is important because it will determine the amount of 
heat generated during electrophoresis. 
Since electrophoretic mobility is also a function of temperature, heating of the separation matrix must be 
controlled. If significant heating occurs during electrophoresis, it will be necessary to provide some means of 
cooling the apparatus so as to maintain a constant temperature. 
 
Electrophoresis of proteins is generally carried out in gels made up of the cross-linked polymer polyacrylamide. 
The polyacrylamide gel acts as a molecular sieve, slowing the migration of proteins approximately in proportion 
to their charge-to-mass ratio. 
 
Migration may also be affected by protein shape. In electrophoresis, the force moving the macromolecule is the 
electrical potential, E. The electrophoretic mobility of the molecule, µ, is the ratio of the velocity of the particle 
molecule, V, to the electrical potential. Electrophoretic mobility is also equal to the net charge of the molecule, 
Z, divided by the frictional coefficient, f, which reflects in part a protein’s shape.  
 
The migration of a protein in a gel during electrophoresis is therefore a function of its size and its shape. An 
electrophoretic method commonly employed for estimation of purity and molecular weight makes use of the 
detergent sodium dodecyl sulfate (SDS). 
 
A molecule with a net charge will move in an electric field, a phenomenon termed electrophoresis. The distance 
and speed that a protein moves in electrophoresis depends on the electric-field strength, the net charge on the 
protein, which is a function of the pH of the electrophoretic solution, and the shape of the protein.  
 
Electrophoresis of macromolecules is normally carried out by applying a thin layer of a sample to a solution 
stabilized by a porous matrix. Under the influence of an applied voltage, different species of molecules in the 
sample move through the matrix at different velocities. At the end of the separation, the different species are 
detected as bands at different positions in the matrix. A matrix is required because the electric current passing 
through the electrophoresis solution generates heat, which causes diffusion and convective mixing of the bands 
in the absence of a stabilizing medium. The matrix can be composed of a number of different materials, 
including paper, cellulose acetate, or gels made of polyacrylamide, agarose, or starch. In acrylamide and 
agarose gels, the matrix also acts as a size-selective sieve in the separation. At the end of the run, the separated 
molecules can be detected in position in the gel by staining or autoradiography, quantified by scanning with a 
densitometer, and the gel can be dried for permanent storage. 
 
Electrophoresis are not generally used to purify proteins in large amounts, because simpler alternatives are 
usually available and electrophoretic methods often adversely affect the structure and thus the function of 
proteins. Electrophoresis is, however, especially useful as an analytical method. Its advantage is that proteins 
can be visualized as well as separated, permitting a researcher to estimate quickly the number of different 
proteins in a mixture or the degree of purity of a particular protein preparation. Also, electrophoresis allows 
determination of crucial properties of a protein such as its isoelectric point and approximate molecular weight. 
 
Gel types 
In general the macromolecules solution is electrophoresed through some kind of matrix. The matrix acts as a 
molecular sieve to aid in the separation of molecules on the basis of size. The kind of supporting matrix used 



depends on the type of molecules to be separated and on the desired basis for separation: charge, molecular 
weight or both. The most commonly used materials for the separation of nucleic acids and proteins are agarose 
and acrylamide. 
 
Medium                                                             Conditions                                          Principal Uses 
Starch                                                           Cast in tubes or slabs                                          Proteins 
Agarose gel                                               Cast in tubes or slabs                               Very large proteins, nucleic 
                                                                          No cross-linking                                     acids, nucleoproteins etc 
Acrylamide gel                                              Cast in tubes or slabs cross-linking           Proteins and nucleic acids 
                                                                                                                                                                                     

• Agarose: The most widely used polysaccharide gel matrix nowadays is that formed with agarose. This 
is a polymer composed of a repeating disaccharide unit called agarobiose which consists of galactose 
and 3,6-anhydrogalactose. Agarose gives a more uniform degree of porosity than starch and this may be 
varied by altering the starting concentration of the suspension (low concentrations give large pores while 
high concentrations give smaller pores). This gel has found wide spread use especially in the separation 
of DNA molecules (although it may also be used in some electrophoretic procedures involving protein 
samples such as immunoelectrophoresis). Because of the uniform charge distribution in nucleic acids, it 
is possible accurately to determine DNA molecular masses based on mobility in agarose gels. However 
the limited mechanical stability of agarose, while sufficient to form a stable horizontal gel, compromises 
the possibilities for post-electrophoretic manipulation. 

• Acrylamide: A far stronger gel suitable for electrophoretic separation of both proteins and nucleic acids 
may be formed by the polymerization of acrylamide. The inclusion of a small amount of acrylamide 
cross linked by a methylene bridge (N,N′ methylene bisacrylamide) allows formation of a cross linked 
gel with a highly-controlled porosity which is also mechanically strong and chemically inert. For 
separation of proteins, the ratio of acrylamide : N,N′methylene bisacrylamide is usually 40:1 while for 
DNA separation it is 19:1. Such gels are suitable for high-resolution separation of DNA and proteins 
across a large mass range. 

 
Electrophoretic separations are nearly always carried out in gels, such as polyacrylamide, because the gel serves 
as a molecular sieve that enhances separation. Molecules that are small compared with the pores in the gel 
readily move through the gel, whereas molecules much larger than the pores are almost immobile. 
Intermediate-size molecules move through the gel with various degrees of ease. The electrophoresis of proteins 
is performed in a thin, vertical slab of polyacrylamide. The direction of flow is from top to bottom. 
 

 
(a) Polysaccharide gels are formed by boiling followed by cooling. Rearrangement of hydrogen bonds gives interchain cross linking. (b) 
Agarose is composed of agarbiose. (c) Polymerization of acrylamide to form polyacrylamide gel. 
 



 

 
 
A far stronger gel suitable for electrophoretic separation of both proteins and nucleic acids may be formed by 
the polymerization of acrylamide. The inclusion of a small amount of acrylamide cross linked by a methylene 
bridge (N,N′ methylene bisacrylamide) allows formation of a cross linked gel with a highly-controlled porosity 
which is also mechanically strong and chemically inert. For separation of proteins, the ratio of acrylamide : 
N,N′methylene bisacrylamide is usually 40:1 while for DNA separation it is 19:1. Such gels are suitable for 
high-resolution separation of DNA and proteins across a large mass range. 
 
Polyacrylamide gels are among the most useful and most versatile in gel electrophoretic separations because 
they readily resolve a wide array of proteins and nucleic acids 
 
Electrophoretic separations are nearly always carried out in gels, such as polyacrylamide, because the gel serves 
as a molecular sieve that enhances separation. Molecules that are small compared with the pores in the gel 
readily move through the gel, whereas molecules much larger than the pores are almost immobile. 
Intermediate-size molecules move through the gel with various degrees of ease. 
 
Polyacrylamide gels are formed as the result of polymerization of acrylamide (monomer) and N,N`1-methylene-
bis-acrylamide (cross-linker). The acrylamide monomer and cross-linker are stable by themselves or mixed in 
solution, but polymerize readily in the presence of a free-radical generating system.  
Biochemists use either chemical or photochemical free-radical sources to induce the polymerization process. In 
the chemical method (the most commonly used method), the free radical initiator, ammonium persulfate (APS), 
is added along with a N,N,N1,N1-tetramethylethylenediamine (TEMED) catalyst. These two components, in the 
presence of the monomer, cross-linker, and appropriate buffer, generate the free radicals needed to induce 
polymerization. In the photochemical method (less widely used), ammonium persulfate is replaced by a 
photosensitive compound (e.g., riboflavin) that will generate free radicals when irradiated with UV light. Many 
modifications can be made to produce a gel that will be useful for a particular application. If larger pores are 
required, you could decrease the amount of monomer and/or cross-linker in the polymerization solution. If 
smaller pores are required, one may increase the concentration of monomer and/or cross-linker. 
 
The pore size required for a particular electrophoretic separation will depend on the difference in size of the 
compounds that you wish to resolve. For instance, if you wish to resolve two small proteins of 8,000 Da and 
6,000 Da, you will require a small-pore-size gel for this application (15–20% acrylamide). This same percent 
acrylamide gel would not permit the resolution of two larger proteins of say 150,000 Da and 130,000 Da. A 
largerpore- size gel would be required for this application (7.5–10% acrylamide). 
 



Chemical species carrying an electrical charge move either to the cathode or the anode in an electrophoresis 
system, depending on the kind of charge they carry. 
In a solution more acid than the isoelectric point of the solute, an ampholyte takes on a positive charge and 
migrates toward the cathode. In the reverse situation, it migrates toward the anode. 
 
The rate of migration is dependent on factors such as: 
1) the net electrical charge of the molecule,  
2) the size and shape of the molecule, 
3 )the electric field strength,  
4) the characteristics of the supporting medium, 
5) and the operation temperature. 
 
Polyacrylamide and agarose gels are the most common stabilizing media used in research laboratories. The gels 
are usually formed as cylinders in tubes, or as thin, flat slabs or sheets. Polyacrylamide is the most common 
matrix for separating proteins. Nucleic acids are separated on either polyacrylamide or agarose gels, depending 
on the sizes of molecules to be analyzed. 
 

In most electrophoresis units, the gel is mounted between two buffer chambers in such a way that the only 
electrical connection between the two chambers is through the gel. Contact between the buffer and gel may be 
direct liquid contact or through a wick or pad of paper or gel material. Although vertical tube and slab gels 
which have direct liquid buffer connections, make the most efficient use of the electric field, the apparatus 
presents some mechanical difficulties in equipment design: The connections must be liquid tight, electrically 
safe and convenient to use. 

 
A schematic diagram of an electrophoresis system shows: 

• two buffer boxes (l) with baffle plates contain the buffer used in the process.  

• In each buffer box is an electrode (2) of either platinum or carbon, the polarity of which is fixed by the 
mode of connection to the power supply. 

• The electrophoresis support (3) on which separation take place is in contact with buffer by means of 
wicks (strips) (4).  

• The entire device is covered  (5) to minimize evaporation and protect the system.  
• The direct current power supplymay be either constant current or constant voltage or both.  

 
Automated Electrophoresis Systems 
Although electrophoresis was traditionally a manual technique, it has been improved by the introduction of 
prepackaged gels and electronic systems that incorporated all the necessary components and reagents to perform 
the procedure easily. 
 
Different types of electrophoresis  

1. Starch Gel Electrophoresis 
2. Agarose Gel Electrophoresis  
3. Cellulose Acetate Electrophoresis(CAE) 

 



POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE) 
In this technique, individual gels are prepared insitu in glass tubes by polymerizing a gel monomer and a cross-
linking agent with the aid of an appropriate catalyst. The first gel to be poured into the tubular-shaped 
electrophoresis cell is the small-pore separation gel. After 30min, during which gelation takes place, a large 
pore gel,the spacer gel is thrown on top of the separation gel. 
 
Then a large pore monomer solution containing a small amount of sample (serum) is polymerized above the 
spacer gel so that the finished product is composed of three different layers of gel. 
 
When electrophoresis begins, all protein ions migrate through the large-pore gel and amass on the separation gel 
in a very fine zone. 
 
This process improves the resolution and concentrate protein components at the border zone, so that pre-
concentration of specimens with low protein content may not be necessary. Separation then takes place in the 
bottom separation gel with the retardation of some proteins due to the molecular sieve phenomenon. 
 
SDS-PAGE (SDS-polyacrylamide gel electrophoresis) separates proteins mainly on the basis of molecular 
weight as opposed to charge (which is ‘swamped out’ by the excess of protein-bound SDS) or folding (proteins 
are largely denatured in SDS). 
 
However, factors other than molecular weight alone (e.g., glycosylation or a strongly hydrophobic character) 
can also affect the migration of a protein on an SDS-PAGE gel, 
 
Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis(SDS-PAGE). Sodium dodecyl sulfate (SDS) gel 
electrophoresis systems are used to determine the number and size of protein chains or protein subunit chains in 
a protein preparation. Initially, the protein preparation is treated with an excess of soluble thiol (usually 2-
mercaptoethanol) and SDS. Under these conditions, the thiol reduces all disulfide bonds (–S–S–) present within 
and/or between peptide units, while the SDS (an ionic or denaturing detergent) binds to all regions of the 
proteins and disrupts most noncovalent intermolecular and intramolecular protein interactions. These two 
components result in total denaturation of the proteins in the sample, yielding unfolded, highly anionic 
(negatively charged) polypeptide chains. SDS denatures and binds to proteins at a ratio of one molecule of SDS 
per two peptide bonds. When used in conjunction with 2-mercaptoethanol or dithiothreitol to reduce and break 
disulfide bonds, SDS separates the component polypeptides of multimeric proteins. The large number of anionic 
SDS molecules, each bearing a charge of −1, on each polypeptide overwhelms the charge contributions of the 
amino acid functional groups. Since the charge-to-mass ratio of each SDS polypeptide complex is 
approximately equal, the physical resistance each peptide encounters as it moves through the acrylamide matrix 
determines the rate of migration. Since large complexes encounter greater resistance, polypeptides separate 
based on their relative molecular mass (Mr). Individual polypeptides trapped in the acrylamide gel are 
visualized by staining with dyes such as Coomassie blue 
 
The SDS portion is an anionic detergent that binds quantitatively to proteins, giving them linearity and uniform 
charge, so that they can be separated solely on basis of their size. The SDS has a high –ve charge that 
overwhelms any charge the protein may have. The SDS has a hydrophobic tail that interacts strongly with 
protein(polypeptide) chain.  

SDS also disrupts the forces that contribute to protein folding (tertiary structure), ensuring that the protein is not 
only uniformly –vely charged, but linear as well. 



The anionic polypeptide chains are then resolved electrophoretically within a polyacrylamide gel saturated with 
SDS and the appropriate current carrying buffer. The excess SDS is included in the gel to maintain the 
denatured state of the proteins during the electrophoretic separation. The SDS coated polypeptides (carrying 
approximately one SDS molecule per two amino acids) creates a situation in which the charge-to-mass ratio of 
all of the proteins in the sample is approximately the same. At this point, the intrinsic charge on the individual 
polypeptide chains (that is, in the absence of SDS) is insignificant as compared with the negative charge 
imposed on them by the presence of the SDS. The friction experienced by the population of molecules as they 
migrate through the polyacrylamide matrix is now the major factor influencing differences in their mobility. In 
addition, the friction experienced by the molecules during the separation is governed by the pore size of the 
polyacrylamide matrix: larger polypeptides will experience greater friction when passing through a gel of 
defined pore size (will migrate more slowly) than smaller polypeptides (which will migrate more rapidly). In 
summary, SDS-PAGE allows the separation of proteins on the basis of size. 
 
SDS-PAGE employs two buffer/polyacrylamide gel compositions in a single slab. These are referred to as the 
“stacking gel” and the “running (or resolving) gel.” Protein samples are first introduced into wells cast within 
the stacking gel after they are mixed with a viscous sample buffer (30% glycerol) containing SDS and thiols. 
After the samples have been loaded, voltage is applied to the system. 
 
How do you visualize the proteins that have been separated following SDS-PAGE? 
Two visualization methods are most often used. The choice between them depends largely on the sensitivity of 
detection that is required for your application. The first method involves saturating the gel with a solution of 
acetic acid, methanol, and water containing Coomassie Brilliant Blue R-250 dye. As the methanol and acetic 
acid in the solution work to “fix” the proteins within the gel matrix, Coomassie Brilliant Blue binds to the 
proteins in the gel. The interaction between the Coomassie dye and proteins has been shown to be primarily 
through arginine residues, although weak interactions with tryptophan, tyrosine, phenylalanine, histidine, and 
lysine are also involved. After the gel is “destained” with the same aqueous acetic acid/methanol solution 
without the dye (to remove the dye from portions of the gel that do not contain protein), the proteins on the gel 
are visible as dark blue “bands” on the polyacrylamide gel. When conducted properly, this method of detection 
is sufficiently sensitive to detect a protein band containing as little as 0.1 to 0.5 %g of a polypeptide.  
 
An alternative staining method, silver staining, is sensitive to about 10 ng of protein contained in a single band 
on the acrylamide gel. Silver staining begins by saturating the gel with a solution of silver nitrate. Next, a 
reducing agent is added to cause the reduction of Ag" ions to metallic silver (Ag), which precipitate on the 
proteins in the gel and cause the appearance of protein bands that are black in color. Silver staining is 
technically more difficult, and therefore is used only when extreme sensitivity is required. 

 



FIGURE 1 Electrophoresis. (a) Different samples are loaded in wells or depressions at the top of the 
polyacrylamide gel. The proteins move into the gel when an electric field is applied. The gel minimizes 
convection currents caused by small temperature gradients, as well as protein movements other than those 
induced by the electric field. 
(b) Proteins can be visualized after electrophoresis by treating the gel with a stain such as Coomassie blue, 
which binds to the proteins but not to the gel itself. Each band on the gel represents a different protein (or 
protein subunit); smaller proteins move through the gel more rapidly than larger proteins and therefore are 
found nearer the bottom of the gel. 
 

 
 
 

 

FIGURE 2: Estimating the molecular weight of a protein. The electrophoretic mobility of a protein on an SDS polyacrylamide gel 
is related to its molecular weight, Mr. (a) Standard proteins of known molecular weight are subjected to electrophoresis (lane 1). 
These marker proteins can be used to estimate the molecularweight of an unknown protein (lane 2). 
 



 
 
 
 
ISOELECTRIC FOCUSING (IEF) ELECTROPHORESIS 
Amphoteric compounds, such as proteins, can be separated by virtue of migration in a medium possessing a 
stable pH gradient using isoelectric focusing electrophoresis(IEF ). The protein moves to a zone in the medium 
where the pH is equal to its isoelectric point(pI). At this pH, the charge becomes zero and migration ceases. 
 
Isoelectric focussing separates proteins on the basis of their balance of acidic (negatively charged) vs. basic 
(positively charged) amino acid residues, which determines a property known as the protein’s isoelectric point 
[pI], the pH at which the protein’s net charge becomes exactly zero.  
 
Proteins that differ by as little as one charged residue (e.g., the mono- and di-phosphorylated forms of a given 
protein) can be separated using this method. Conversely, however, proteins with very similar pI values but very 
different sizes can run at the same position. 
 
Ionic buffers called ampholytes and an applied electric field are used to generate a pH gradient within a 
polyacrylamide matrix. Applied proteins migrate until they reach the region of the matrix where the pH matches 
their isoelectric point (pI), the pH at which a peptide’s net charge is zero.  
 
Isoelectric focusing is an electrophoretic technique that separates macromolecules on the basis of their 
isoelectric points (pI, pH values at which they carry no net charge). As with SDS-PAGE, this process can be 
carried out in a “slab” format. A pH gradient is established in the polyacrylamide gel with the aid of 
ampholytes, which are small (approximately 5000 Da) polymers containing random distributions of weakly 
acidic and weakly basic functional groups (e.g., carboxyls, imidazoles, amines, etc.). A polyacrylamide gel 
containing these ampholytes is connected to an electrophoresis apparatus that contains dilute acid solution (H+) 
in the anode chamber and a dilute base (OH-) solution in the cathode chamber. 
 
A pH gradient is established by allowing a mixture of low molecular weight organic acids and bases 
(ampholytes) to distribute themselves in an electric field generated across the gel. 
For example, pI of Cytocrome c ( a highly basic electron transport protein) is 10.6 while the pI of serum 
albumin (an acidic protein in blood) is 4.8. Suppose that a mixture is electrophoresed in a pH gradient in a gel in 
the absence of SDS. Each protein will move until it reaches a position in the gel at which the pH is equal to the 



pI of the protein.Isoelectric focusing can readily resolve proteins that differ in Pi by as little as 0.01. which 
means that proteins differing by one net charge can be separated.     

 
FIGURE 3: Isoelectric focusing. This technique separates proteins according to their isoelectric points. A stable pH gradient is 
established in the gel by the addition of appropriate ampholytes. A protein mixture is placed in a well on the gel. With an applied electric 
field, proteins enter the gel and migrate until each reaches a pH equivalent to its pI. Remember that when pH= pI, the net charge of a 
protein is zero. 
The Isoelectric Points of some proteins 
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TWO-DIMENSIONAL (2D) ELECTROPHORESIS 
In the first dimension, it uses charge-dependent IEF electrophoresis in a large-pore medium such as agarose or 
large-pore polyacrylamide gel; and in the second dimension, molecular weight-dependent electrophoresis in 
polyacrylamide. 
 
Isoelectric focusing can be combined with SDS–PAGE (SDS–polyacrylamide gel electrophoresis) to obtain 
very high resolution separations. A single sample is first subjected to isoelectric focusing. This single-lane gel is 
then placed horizontally on top of an SDS–polyacrylamide slab and subjected to electrophoresis again, in a 
direction perpendicular to the isoelectric focusing, to yield a two-dimensional pattern of spots. In such a gel, 
proteins have been separated in the horizontal direction on the basis of isoelectric point and in the vertical 
direction on the basis of mass. More than a thousand different proteins in the bacterium Escherichia coli can be 
resolved in a single experiment by two-dimensional electrophoresis 
 



Two-dimensional (2-D) gel electrophoresis is a powerful gel-based method commonly used for ‘global’ 
analysis of complex samples (i.e., when we are interested to characterize the full range of proteins in a sample, 
not just a few specific proteins). In this technique the protein is run first in a narrow (often tube-shaped) 
isoelectric focussing gel, which as already noted separates proteins 
on the basis of their isoelectric points (acid vs. basic character). The isoelectric focussing gel is then placed over 
an SDS-PAGE gel and run on the latter in the perpendicular dimension: 
 

 
 

 
 
In the final gel, proteins run not as bands but as spots, and the position of each protein spot depends on both its 
size and its charge properties. This provides a more powerful means to separate proteins than does either SDS-
PAGE or isoelectric focussing alone. 
 

 
One of the most important aspects of gel electrophoresis technique is staining. Once sample molecules have separated in the gel 
matrix it is necessary to visualize their position. This is achieved by staining with an agent appropriate for the sample. 
 



ASSIGNMENT 
Students should describe the process involved in the following Electrohoresis 

1. Starch Gel Electrophoresis 
2. Agarose Gel Electrophoresis  
3. Cellulose Acetate Electrophoresis(CAE) 

 

INTERACTIONS AND QUESTIONS 
• Draw a schematic diagram of a well labeled electrophoresis system. 
• State the principle behind Electrophoresis. 
• In electrophoresis, the rate of migration is dependent on some factors. Highlight these factors. 
• Expantiate on the following: (i) Agarose gel (ii) Polyacrylamide gel (iii) Isoelectric focusing (iv) SDS-

PAGE 
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