
Capillary Electrophoresis 
 

Capillary electrophoresis is an analytical technique that separates ions based on their electrophoretic mobility with the 
use of an applied voltage. The electrophoretic mobility is dependent upon the charge of the molecule, the viscosity, 
and the atom's radius. The rate at which the particle moves is directly proportional to the applied electric field--the 
greater the field strength, the faster the mobility. Neutral species are not affected, only ions move with the electric 
field. If two ions are the same size, the one with greater charge will move the fastest. For ions of the same charge, 
the smaller particle has less friction and overall faster migration rate. Capillary electrophoresis is used most 
predominately because it gives faster results and provides high resolution separation. It is a useful technique 
because there is a large range of detection methods available.1 

Introduction 
Endeavors in capillary electrophoresis (CE) began as early as the late 1800’s. Experiments began with the use of 
glass U tubes and trials of both gel and free solutions.1 In 1930, Arnes Tiselius first showed the capability of 
electrophoresis in an experiment that showed the separation of proteins in free solutions.2 His work had gone 
unnoticed until Hjerten introduced the use of capillaries in the 1960’s. However, their establishments were not widely 
recognized until Jorgenson and Lukacs published papers showing the ability of capillary electrophoresis to perform 
separations that seemed unachievable. Employing a capillary in electrophoresis had solved some common problems 
in traditional electrophoresis. For example, the thin dimensions of the capillaries greatly increased the surface to 
volume ratio, which eliminated overheating by high voltages. The increased efficiency and the amazing separating 
capabilities of capillary electrophoresis spurred a growing interest among the scientific society to execute further 
developments in the technique. 

Instrumental Setup 
A typical capillary electrophoresis system consists of a high-voltage power supply, a sample introduction system, a 
capillary tube, a detector and an output device. Some instruments include a temperature control device to ensure 
reproducible results. This is because the separation of the sample depends on the electrophoretic mobility and the 
viscosity of the solutions decreases as the column temperature rises.3 Each side of the high voltage power supply is 
connected to an electrode. These electrodes help to induce an electric field to initiate the migration of the sample 
from the anode to the cathode through the capillary tube. The capillary is made of fused silica and is sometimes 
coated with polyimide.3 Each side of the capillary tube is dipped in a vial containing the electrode and an electrolytic 
solution, or aqueous buffer. Before the sample is introduced to the column, the capillary must be flushed with the 
desired buffer solution. There is usually a small window near the cathodic end of the capillary which allows UV-VIS 
light to pass through the analyte and measure the absorbance. A photomultiplier tube is also connected at the 
cathodic end of the capillary, which enables the construction of a mass spectrum, providing information about the 
mass to charge ratio of the ionic species. 



 

Fig.1: Instrumental Setup 

Theory  

Electrophoretic Mobility 
Electrophoresis is the process in which sample ions move under the influence of an applied voltage. The ion 
undergoes a force that is equal to the product of the net charge and the electric field strength. It is also affected by a 
drag force that is equal to the product of f, the translational friction coefficient, and the velocity. This leads to the 
expression for electrophoretic mobility: 

μEP=qf=q6πηr(1) 

where f for a spherical particle is given by the Stokes’ law; η is the viscosity of the solvent, and r is the radius of the atom. The 
rate at which these ions migrate is dictated by the charge to mass ratio. The actual velocity of the ions is directly proportional to 
E, the magnitude of the electrical field and can be determined by the following equation4:   

v=μEPE(2) 

This relationship shows that a greater voltage will quicken the migration of the ionic species. 

Electroosmotic Flow 
The electroosmotic flow (EOF) is caused by applying high-voltage to an electrolyte-filled capillary.4 This flow occurs 
when the buffer running through the silica capillary has a pH greater than 3 and the SiOH groups lose a proton to 
become SiO- ions. The capillary wall then has a negative charge, which develops a double layer of cations attracted 
to it.  The inner cation layer is stationary, while the outer layer is free to move along the capillary. The applied electric 
field causes the free cations to move toward the cathode creating a powerful bulk flow. The rate of the electroosmotic 
flow is governed by the following equation:  

μEOF=ϵ4πηEζ(3) 

http://en.wikipedia.org/wiki/Stokes'_law
http://chemwiki.ucdavis.edu/Physical_Chemistry/Physical_Properties_of_Matter/Atomic_and_Molecular_Properties/Intermolecular_Forces/Viscosity


where ε is the dielectric constant of the solution, η is the viscosity of the solution, E is the field strength, and ζ is the 
zeta potential. Because the electrophoretic mobility is greater than the electroosmotic flow, negatively charged 
particles, which are naturally attracted to the positively charged anode, will separate out as well. The EOF works best 
with a large zeta potential between the cation layers, a large diffuse layer of cations to drag more molecules towards 
the cathode, low resistance from the surrounding solution, and buffer with pH of 9 so that all the SiOH groups are 
ionized.1 

 

Fig. 2: Electroosmotic Flow due to Applied Voltage 

Capillary Electroseparation Methods 
There are six types of capillary electroseparation available: capillary zone electrophoresis (CZE), capillary gel 
electrophoresis (CGE), micellar electrokinetic capillary chromatography (MEKC), capillary electrochromatography 
(CEC), capillary isoelectric focusing (CIEF), and capillary isotachophoresis (CITP). They can be classified into 
continuous and discontinuous systems as shown in Figure 3. A continuous system has a background electrolyte 
acting throughout the capillary as a buffer. This can be broken down into kinetic (constant electrolyte composition) 
and steady-state (varying electrolyte composition) processes. A discontinuous system keeps the sample in distinct 
zones separated by two different electrolytes.6 

http://en.wikipedia.org/wiki/Steady_state_(chemistry)


 

Fig. 3: Categorization of Electrophoresis Techniques 

  

Capillary Zone Electrophoresis (CZE)  
Capillary Zone Electrophoresis (CZE), also known as free solution capillary electrophoresis, it is the most commonly 
used technique of the six methods.A mixture in a solution can be separated into its individual components quickly and 
easily.The separation is based on the differences in electrophoretic mobility, which is directed proportional to the 
charge on the molecule, and inversely proportional to the viscosity of the solvent and radius of the atom.The velocity 
at which the ion moves is directly proportional to the electrophoretic mobility and the magnitude of the electric field.1 

The fused silica capillaries have silanol groups that become ionized in the buffer. The negatively charged SiO- ions 
attract positively charged cations, which form two layers—a stationary and diffuse cation layer.  In the presence of an 
applied electric field, the diffuse layer migrates towards the negatively charged cathode creating an electrophoretic 
flow (μep) that drags bulk solvent along with it. Anions in solution are attracted to the positively charged anode, but 
get swept to the cathode as well. Cations with the largest charge-to-mass ratios separate out first, followed by cations 
with reduced ratios, neutral species, anions with smaller charge-to-mass ratios, and finally anions with greater ratios. 
The electroosmotic velocity can be adjusted by altering pH, the viscosity of the solvent, ionic strength, voltage, and 
the dielectric constant of the buffer.1 

Capillary Gel Electrophoresis (CGE) 
CGE uses separation based on the difference in solute size as the particles migrate through the gel. Gels are useful 
because they minimize solute diffusion that causes zone broadening, prevent the capillary walls from absorbing the 
solute, and limit the heat transfer by slowing down the molecules.  A commonly used gel apparatus for the separation 
of proteins is capillary SDS-PAGE. It is a highly sensitive system and only requires a small amount of sample.1  

http://chemwiki.ucdavis.edu/Analytical_Chemistry/Instrumental_Analysis/Capillary_Electrophoresis/SDS-PAGE%3A_Shockwave


Micellar Electrokinetic Capillary 
Chromatography (MEKC) 
MEKC is a separation technique that is based on solutes partitioning between micelles and the solvent. Micelles are 
aggregates of surfactant molecules that form when a surfactant is added to a solution above the critical micelle 
concentration. The aggregates have polar negatively charged surfaces and are naturally attracted to the positively 
charged anode.  Because of the electroosmotic flow toward the cathode, the micelles are pulled to the cathode as 
well, but at a slower rate. Hydrophobic molecules will spend the majority of their time in the micelle, while hydrophilic 
molecules will migrate quicker through the solvent. When micelles are not present, neutral molecules will migrate with 
the electroosmotic flow and no separation will occur. The presence of micelles results in a retention time to where the 
solute has little micelle interaction and retention time tmc where the solute strongly interacts. Neutral molecules will 
be separated at a time between to and tmc. Factors that affect the electroosmotic flow in MEKC are: pH, surfactant 
concentration, additives, and polymer coatings of the capillary wall.1  

  

   Fig. 3: Micelles 

Capillary Electrochromatography (CEC)  
The separation mechanism is a packed column similar to chromatography. The mobile liquid passes over the silica 
wall and the particles. An electroosmosis flow occurs because of the charges on the stationary surface. CEC is 
similar to CZE in that they both have a plug-type flow compared to the pumped parabolic flow that increases band 
broadening.1 

Capillary Isoelectric Focusing (CIEF) 
CIEF is a technique commonly used to separate peptides and proteins. These molecules are 
called zwitterionic compounds because they contain both positive and negative charges. The charge depends on the 

http://chemwiki.ucdavis.edu/@api/deki/files/1835/prob_2q.jpg


functional groups attached to the main chain and the surrounding pH of the environment. In addition, each molecule 
has a specific isoelectric point (pI). When the surrounding pH is equal to this pI, the molecule carries no net charge. 
To be clear, it is not the pH value where a protein has all bases deprotonated and all acids protonated, but rather the 
value where positive and negative charges cancel out to zero. At a pH below the pI, the molecule is positive, and then 
negative when the pH is above the pI. Because the charge changes with pH, a pH gradient can be used to separate 
molecules in a mixture. During a CIEF separation, the capillary is filled with the sample in solution and typically no 
EOF is used (EOF is removed by using a coated capillary). When the voltage is applied, the ions will migrate to a 
region where they become neutral (pH=pI). The anodic end of the capillary sits in acidic solution (low pH), while the 
cathodic end sits in basic solution (high pH). Compounds of equal isoelectric points are “focused” into sharp 
segments and remain in their specific zone, which allows for their distinct detection.6 

Calculating pI 
An amino acid with n ionizable groups with their respective pKa values pK1, pK2, ... pkn will have the pI equal to the 
average of the group pkas: pI = (pK1+pK2+...+pkn)/n. Most proteins have many ionizable sidechains in addition to their 
amino- and carboxy- terminal groups. The pI is different for each protein and it can be theoretically calculated 
according to the Henderson-Hasselbalch approximation, if we know amino acids composition of protein. In order to 
experimentally determine a protein's pI 2-Dimensional Electrophoresis (2-DE) can be used. The proteins of a cell 
lysate are applied to a pH immobilized gradient strip, upon electrophoresis the proteins migrate to their pI within the 
strip. The second dimension of 2-DE is the separation of proteins by MW using a SDS-gel.     

Capillary Isotachorphoresis (CITP) 
CITP is the only method to be used in a discontinuous system. The analyte migrates in consecutive zones and each 
zone length can be measured to find the quantity of sample present.1  

Capillary Electrophoresis versus High 
Performance Liquid Chromatography 
(HPLC)   

1. CE has a flat flow, compared to the pumped parabolic flow of the HPLC. The flat flow results in narrower peaks and 
better resolution. (Fig. 3) 

2. CE has a greater peak capacity when compared to HPLC—CE uses millions of theoretical plates. 
3. HPLC is more thoroughly developed and has many mobile and stationary phases that can be implemented. 
4. HPLC has more complex instrumentation, while CE is simpler for the operator. 
5. HPLC has such a wide variety of column lengths and packing, whereas CE is limited to thin capillaries. 
6. Both techniques use similar modes of detection. 
7. Can be used complementary to one another. 

http://chemwiki.ucdavis.edu/Physical_Chemistry/Acids_and_Bases/Buffers/Henderson-Hasselbalch_Approximation


 
Fig. 4: HPLC versus CE flow profiles 
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