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Overview 

The five-day Winter School on Capillary Electrophoresis, held as part of the PATHFOOD project at University of 

Warsaw, is designed for researchers, PhD students and partners of the Project. It is aimed at providing an in-depth 

exploration of fundamental and practical aspects of capillary electrophoresis (CE) and how this separation 

technique can be employed to answer scientific questions. Attendees will gain theoretical knowledge and hands-

on experience with various CE separation techniques, including capillary zone electrophoresis (CZE), micellar 

electrokinetic chromatography (MEKC), and capillary electrochromatography (CEC). Key topics will include the 

influence of operational conditions on separation performance, the role of background electrolyte solutions (BGE) 

in the separation process, detection, and online preconcentration methods. The school will highlight the versatility 

of CE in analyzing complex and/or small-quantity samples, including diluted ones, emphasizing its cost-

effectiveness, minimal use of hazardous chemicals, and alignment with green chemistry principles. The utility of 

CE in real-world, practical scenarios will be evidenced in diverse scientific and practical contexts, particularly in 

food and phytochemical research.  
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6 Capillary Electromigration 

Techniques

Danilo Corradini

6.1 INTRODUCTION

Liquid-phase separation techniques using columns of capillary size have recently gained large 
acceptance for qualitative and quantitative analyses as well as physicochemical characterizations. 
High throughput, small sample amount requirement, and high separation efficiency are the major 
advantages of these microscale separation techniques. Additional advantages include straightfor-
ward optimization of separation, use of small amounts of chemicals, reduced waste, and a wide 
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range of possible detection methods, which include absorbance, fluorescence, electrochemical, 
nuclear magnetic resonance spectroscopy, and mass spectrometry.

A variety of microscale separation methods, performed in capillary format, employ a pool of 
techniques based on the differential migration velocities of analytes under the action of an electric 
field, which is referred to as capillary electromigration techniques. These separation techniques 
may depend on electrophoresis, the transport of charged species through a medium by an applied 
electric field, or may rely on electrically driven mobile phases to provide a true chromatographic 
separation system. Therefore, the electric field may either cause the separation mechanism or just 
promote the flow of a solution throughout the capillary tube, in which the separation takes place, 
or both.

The electrically driven flow of a liquid within a capillary tube, either open or packed or filled with 
a solid medium bearing a stationary phase, is caused by electroosmosis, which originates from the 
action of the electric field on the electric double layer formed at the plane of share between the inner 
surface of the capillary tube and the surrounding liquid (see Section 6.2). The flow of liquid caused 
by electroosmosis is termed electroosmotic flow (EOF) and displays a plug-like profile because 
the driving force is uniformly distributed along the capillary tube. Consequently, a uniform flow 
velocity vector across the capillary occurs. The flow velocity approaches zero only in the region 
of the capillary tube close to its inner surface. Therefore, no peak broadening is caused by sample 
transport carried out by the EOF. This is in contrast to the laminar or parabolic flow profile gener-
ated in a pressure-driven system where there is a strong pressure drop across the capillary caused 
by frictional forces at the liquid–solid boundary. A schematic representation of the flow profile due 
to electroosmosis in comparison to that obtained in the same capillary column in a pressure-driven 
system, such as a capillary HPLC, is displayed in Figure 6.1.

Separations in capillary electromigration techniques take place according to different separa-
tion modes in either open or packed or monolithic capillaries of typical inner diameter and length 
of 20–100 μm and 20–100 cm, respectively. The ends of the capillary are inserted into two distinct 
vessels (electrolyte compartments) containing the electrolyte solution, usually of same composition 
of that filled into the capillary, and the electrodes connected to a high-voltage power supply, typi-
cally up to 30 kV. The capillary format enables the application of high electric fields with minimal 
generation of Joule heat, which is efficiently dissipated by transfer through the tube wall as a result 
of the large surface-to-volume ratio of the capillary and, in open capillaries, ensures the absence of 
convective mixing of the separated zone in the electrolyte solution.

Samples are introduced into the capillary by either electrokinetic or hydrodynamic or hydro-
static means. Electrokinetic injection is preferentially employed with packed or monolithic capillar-
ies whereas hydrostatic injection systems are limited to open capillary columns and are primarily 
used in homemade instruments. Optical detection directly through the capillary at the opposite 
end of sample injection is the most employed detection mode, using either a photodiode array or 
fluorescence or a laser-induced fluorescence (LIF) detector. Less common detection modes include 
conductivity [1], amperometric [2], chemiluminescence [3], and mass spectrometric [4] detection. 

(B)

(A)

FIGURE 6.1 Schematic representation of the flow profile generated by (A) electroosmosis and (B) a mechan-
ical pump.
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On-line coupling of capillary electromigration techniques with nuclear magnetic resonance spec-
troscopy [5] and matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass 
spectrometry [6] has also been reported.

This chapter illustrates basic concepts, instrumental aspects, and modes of separation of electro-
migration techniques performed in capillary format. It should be noted that most of the fundamental 
and practical aspects of the electromigration techniques performed in capillary tubes also apply 
when the techniques are carried out in microchannels fabricated on plates of reduced dimensions, 
communally referred to as chips.

6.2 BASIC CONCEPTS OF ELECTROKINETIC PHENOMENA

The word electrokinetic implies the joint effects of motion and electrical phenomena. We are inter-
ested in the electrokinetic phenomena that originate the motion of a liquid within a capillary tube 
and the migration of charged species within the liquid that surrounds them. In the first case, the 
electrokinetic phenomenon is called electroosmosis whereas the motion of charged species within 
the solution where they are dissolved is called electrophoresis. This section provides a brief illus-
tration of the basic principles of these electrokinetic phenomena, based on text books on physical 
chemistry [7–9] and specialized articles and books [10–12] to which a reader interested to study in 
deep the mentioned theoretical aspects should refer to.

6.2.1 ELECTROOSMOSIS

Electroosmosis refers to the movement of the liquid adjacent to a charged surface, in contact with 
a polar liquid, under the influence of an electric field applied parallel to the solid–liquid interface. 
The bulk fluid of liquid originated by this electrokinetic process is termed electroosmotic flow. 
It may be produced either in open or in packed or in monolithic capillary columns, as well as in 
planar electrophoretic systems employing a variety of supports, such as paper or hydrophilic poly-
mers. The origin of electroosmosis is the electrical double layer generated at the plane of share 
between the surface of either the planar support or the inner wall of the capillary tube and the 
surrounding solution, as a consequence of the uneven distribution of ions within the solid/liquid 
interface.

6.2.1.1 Electric Double Layer

Usually a solid surface acquires a superficial charge when it is brought into contact with a polar 
liquid. The acquired charge may result from one or a combination of the following mechanisms: dis-
sociation of ionizable groups on the surface, adsorption of ions from solution, by virtue of unequal 
dissolution of oppositely charged ions of which the surface is composed. This superficial charge 
causes a variation in the distribution of ions near the solid–liquid interface. Ions of opposite charge 
(counterions) are attracted toward the surface whereas ions of the same charge (co-ions) are repulsed 
away from the surface. This, in combination with the mixing tendency of thermal motion, leads to 
the generation of an electric double layer formed of the charged surface and a neutralizing excess 
of counterions over co-ions distributed in a diffuse manner in the polar liquid. Part of counterions 
are firmly held in the region of the double layer closer to the surface (the compact or Stern layer) 
and are believed to be less hydrated than those in the diffuse region of the double layer where ions 
are distributed according to the influence of electrical forces and random thermal motion. A plane 
(the Stern plane), located at about one ion radius from the surface separates these two regions of the 
electric double layer.

Certain counterions may be held in the compact region of the double layer by forces additional 
to those of purely electrostatic origin, resulting in their adsorption in the Stern layer. Specifically 
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adsorbed ions are attracted to the surface by electrostatic and/or van der Waals forces strongly 
enough to overcome the thermal agitation. Usually, the specific adsorption of counterions predomi-
nates over co-ions’ adsorption.

The variation of the electric potential in the electric double layer with the distance from the 
charged surface is depicted in Figure 6.2. The potential at the surface (ψ0) linearly decreases in 
the Stern layer to the value of the zeta potential (ζ). This is the electric potential at the plane of 
shear between the Stern layer (and that part of the double layer occupied by the molecules of sol-
vent associated with the adsorbed ions) and the diffuse part of the double layer. The zeta potential 
decays exponentially from ζ to zero with the distance from the plane of shear between the Stern 
layer and the diffuse part of the double layer. The location of the plane of shear a small distance 
further out from the surface than the Stern plane renders the zeta potential marginally smaller in 
magnitude than the potential at the Stern plane (ψδ). However, in order to simplify the mathemati-
cal models describing the electric double layer, it is customary to assume the identity of (ψδ) and ζ. 
The bulk experimental evidence indicates that errors introduced through this approximation are 
usually small.

According to the Gouy–Chapman–Stern–Grahame (GCSG) model of the electric double layer 
[12], the surface density of the charge in the Stern layer is related to the adsorption of the counteri-
ons, which is described by a Langmuir-type adsorption model, modified by the incorporation of a 
Boltzmann factor. Considering only the adsorption of counterions, the surface charge density σS of 
the Stern layer is related to the ion concentration C in the bulk solution by the following equation:
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FIGURE 6.2 Graphical representation of the electric double layer at the solid–liquid interface within a 
 capillary tube and diagram of the decay of the electric potential with distance from the capillary wall.
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where
e is the elementary charge
z is the valence of the ion
k is the Boltzmann constant
T is the temperature
n0 is the number of accessible sites
Vm is the molar volume of the solvent
Φ is the specific adsorption potential of counterions

The surface charge density of the diffuse part of the double layer is given by the Gouy–Chapman 
equation:

 
G  sinh8
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where
ε is the permittivity of the electrolyte solution
c0 is the bulk concentration of each ionic species in the electrolyte solution

At low potentials, Equation 6.2 reduces to

 
G 1

 
(6.3)

where κ−1 is the reciprocal Debye–Huckel parameter, which is defined as the “thickness” of the elec-
tric double layer. This quantity has the dimension of length and is given by the following equation:
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(6.4)

in which I is the ionic strength of the electrolyte solution.
Equation 6.3 is identical to the equation that relates the charge density, voltage difference, and 

distance of separation of a parallel-plate capacitor. This result indicates that a diffuse double layer at 
low potentials behaves like a parallel capacitor in which the separation distance between the plates 
is given by κ−1. This explains why κ−1 is called the double layer thickness.

Equation 6.2 can be written in the form

 

G
1

 
(6.5)

which indicates that the zeta potential can change due to variations in the density of the electric 
charge, in the permittivity of the electrolyte solution, and in the thickness of the electric double 
layer, which depends, according to Equation 6.4 on the ionic strength and consequently on the 
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concentration and valence of the ions in solution. Sign and value of the zeta potential determine 
direction and velocity of the EOF, generated by applying an electric field.

6.2.1.2 Dependence of EOF on the Zeta Potential

The dependence of the velocity of the EOF (veo) on the zeta potential is expressed by the Helmholtz–
von Smoluchowski equation [13]:

 
veo

0 r
E

 
(6.6)

where
E is the applied electric field
ε0 is the permittivity of vacuum
εr and η are the dielectric constant and the viscosity of the electrolyte solution, respectively

This expression assumes that the dielectric constant and viscosity of the electrolyte solution are the 
same in the electric double layer as in the bulk solution.

The Helmholtz–von Smoluchowski equation indicates that under constant composition of the 
electrolyte solution, the EOF depends on the magnitude of the zeta potential, which is determined 
by various factors influencing the formation of the electric double layer, discussed above. Each of 
these factors depends on several variables, such as pH, specific adsorption of ionic species in the 
compact region of the double layer, ionic strength, and temperature.

The specific adsorption of counterions at the interface between the surface and the electrolyte 
solution results in a drastic variation of the charge density in the Stern layer, which reduces the 
zeta potential and hence the EOF. If the charge density of the adsorbed counterions exceeds the 
charge density on the surface, the zeta potential changes sign and the direction of the EOF is 
reversed.

The ratio of the velocity of the EOF to the applied electric field, which expresses the velocity 
per unit field, is defined as electroosmotic coefficient or more properly, electroosmotic mobility 
(μeo) [13]:

 

veo
eo

E
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(6.7)

Using the SI units, the velocity of the EOF is expressed in meters/second (m s−1) and the electric field 
in volts/meter (V m−1). Consequently, the electroosmotic mobility has the dimension of m2 V−1 s−1. 
Since electroosmotic and electrophoretic mobility are converse manifestations of the same underly-
ing phenomena, the Helmholtz–von Smoluchowski equation applies to electroosmosis, as well as to 
electrophoresis (see below). In fact, it describes the motion of a solution in contact with a charged 
surface or the motion of ions relative to a solution, both under the action of an electric field, in the 
case of electroosmosis and electrophoresis, respectively.

6.2.1.3 Factors Influencing the EOF

According to Equation 6.6, the velocity of the EOF is directly proportional to the intensity of the 
applied electric field. However, in practice, nonlinear dependence of the EOF on the applied electric 
field is obtained as a result of Joule heat production, which causes the increase of the electrolyte 
temperature with consequent decrease of viscosity and variation of all other temperature-dependent 
parameters (protonic equilibrium, ion distribution in the double layer, etc.). The EOF can also be 
altered during a run by variations of the protonic concentration in the anodic and cathodic elec-
trolyte solutions as a result of electrophoresis. This effect can be minimized by using electrolyte 
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solutions with high buffering capacity, electrolyte reservoirs of relatively large volume, and by 
 frequent replacement of the electrolyte in the electrode compartments with fresh solution.

Velocity and direction of the EOF also depend on the composition, pH, and ionic strength of 
the electrolyte solution. Both pH and ionic strength influence the protonic equilibrium of fixed 
charged groups on the surface and of ionogenic substances in the electrolyte solution, which affect 
the charge density in the electric double layer and consequently, the zeta potential. In addition, the 
ionic strength influences the thickness of the electric double layer (κ−1). According to Equation 6.4, 
increasing the ionic strength causes a decrease in κ−1, which is currently referred to as the compres-
sion of the double layer, with consequential reduction of the zeta potential. Hence, the practical 
effect in increasing the ionic strength is decreasing the EOF.

6.2.2 ELECTROPHORESIS

Section 6.2.1 has briefly examined the electrokinetic phenomena of electroosmosis, which refers to 
the motion of a liquid relative to a surface under the action of an electric field. This section examines 
the motion of ions in an applied electric field relative to the solution that surrounds them.

6.2.2.1 Electrophoretic Mobility

Under the action of an electric field, ions in solution migrate toward the electrode of opposite sign, 
i.e., positively charged ions migrate toward the cathode and negatively charged ions migrate toward 
the anode. The velocity v at which each ion migrates toward the electrode of opposite sign is pro-
portional to the strength of the electric field E, which is expressed as the electric potential gradient 
in volts per unit length (in m) across the capillary tube:

 v E  (6.8)

The constant of proportionality in Equation 6.8 is called the electrophoretic mobility and expresses 
the velocity of the ion (in m s−1) in the considered medium per unit electric field (in V m−1):

 

v

E  
(6.9)

Therefore, the electrophoretic mobility is expressed in m2 V−1 s−1, and is a characteristic constant for 
any given couple “ion–medium.”

The value of the electrophoretic mobility can be calculated considering the migration of an ion in 
an electrolyte solution at infinite dilution where no ionic interactions occur. Under the action of an 
electric field, the ion is accelerated by a force Fel, directed toward the appositively charged electrode, 
which is given by

 F qEel  (6.10)

where
q is the electrical charge of the ion
E is the electric field strength

This force is contrasted by an opposite force (Fv), due to the viscosity resistance of the solution, 
which increases as the ion velocity (v) increases:

 F fvv  (6.11)
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The proportional constant f in Equation 6.11 is called the friction factor. When the two forces equal 
each other, the ion moves with a constant migration velocity, which is expressed by the following 
equation:

 
v

qE

f  
(6.12)

Isolated ions can be assimilated to spherical particles for which, according to Stokes law, the fric-
tion factor is given by

 f r6  (6.13)

where
η is the viscosity of the solution
r is the radius of the solvated ion, the so-called Stokes or hydrodynamic radius

Substitution of Equation 6.13 into Equation 6.12 yields
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(6.14)

where μ0 expresses the velocity of the ion per unit electric field.

6.2.2.2 Absolute and Effective Mobility

The constant of proportionality of Equation 6.14 is defined the absolute mobility or mobility at 
infinite dilution (μ0):

 

0

6
q

r  
(6.15)

Equation 6.15 is valid only for rigid, spherical ions. In addition, it originates from Equation 6.14, 
which is applicable only if the electric field at the ion is due to the applied electric field only, undis-
turbed by the effects of the other ions in solution. Consequently, Equation 6.15 ignores other forces 
originating in the counterion atmosphere, leaving the influence of the medium on the mobility 
unexplained.

In practice, electrophoresis is not performed at infinite dilution and other ions are present in the 
electrolyte solution. In addition, each ion is surrounded by oppositely charged counterions, forming 
the so-called ionic atmosphere, which tends to move in the opposite direction of the ion and, there-
fore, contrast the migration of the ion toward the electrode of opposite sign, lowering its electropho-
retic mobility. Logically, the electrostatic interactions between ions of same sign and between each 
ion and its counterions are stronger with increasing electrolyte concentration with the result that the 
electrophoretic mobility at finite dilution is lower than that at infinite dilution.

In order to consider the influence of the ionic atmosphere on the electrophoretic mobility, the 
theoretical electrical charge of the ion q in Equation 6.14 is replaced by the smaller effective charge 
Qeff and the hydrodynamic radius r by the effective radius R of the ion, which includes its ionic 
atmosphere:

 

Q

R

eff

6  
(6.16)

where μ is the effective mobility, which is always lower than the absolute mobility.
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The effective mobility of ionogenic substances present in solution in different forms, which are 
in a fast dynamic equilibrium, is expressed as
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1 1
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(6.17)

where
μA is the effective mobility of the considered substance A
CA is the analytical concentration
Ci, xi, and μi, are concentration, molar fraction, and effective mobility of the component i, 

respectively

Under this condition, the ionogenic substance migrates as a single substance.
It has been pointed out above that electroosmotic and electrophoretic mobilities are converse 

manifestations of the same underlying phenomena; therefore the Helmholtz–von Smoluchowski 
equation based on the Debye–Huckel theory developed for electroosmosis applies to electrophoresis 
as well. In the case of electrophoresis, ξ is the potential at the plane of share between a single ion 
and its counterions and the surrounding solution.

6.3 INSTRUMENTATION FOR CAPILLARY ELECTROMIGRATION TECHNIQUES

6.3.1 SEPARATION UNIT

The instrumentation employed to perform capillary electromigration techniques is basically the 
same for all separations modes, either based on an electrophoretic or on a chromatographic separa-
tion mechanism. A schematic representation of a typical instrument for capillary electromigration 
techniques is reported in Figure 6.3. Commercially available instruments are equipped with a power 
supply allowing to apply up to 30 kV. Such limit depends on the possible corona discharges through 
the capillary and elsewhere in the instrument that may take place at values of applied voltage higher 
than 30 kV. Besides the applied voltage, the resulting driving current mainly depends on the com-
position of the electrolyte solution and is commonly maintained at values lower than 100–200 μA 
by regulating the applied voltage, which is usually set at a constant value. However, almost all 
commercially available instruments allow operation at constant current or constant power across 
the capillary, as well. Another desired feature of the power supply is the possibility to reverse the 
polarity, which allows to ground either electrode by a remote control.

The power supply is connected by a pair of isolated cables to the two electrodes that are immersed 
into the reservoirs containing the electrolyte solution and the ends of the capillary, either open 

Electrolyte

Electrodes

C A

Detector

– +

Data handling

and instrument

control device

Capillary

Power

supply

FIGURE 6.3 Scheme of a basic instrument for capillary electromigration separation techniques.
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or containing a suitable chromatographic support (see Section 6.5), usually filled with the same 
 electrolyte solution enclosed in the electrode compartments.

Tubular fused-silica capillaries, externally coated with a polyimide film to alleviate the fragil-
ity of this material, are generally employed. A small section of the polyimide coating is removed 
to generate a window in correspondence to the optical center of the detector to allow on- capillary 
detection. Capillaries made from organic synthetic material (e.g., Teflon or related materials, 
poly(etheretherketone) [PEEK], poly(vinylchloride), and polyethylene) have found limited applica-
bility [14–16] due to the superior properties of fused-silica tubing, which include high thermal 
conductivity, high electrical resistance, good chemical inertness, good flexibility, high mechanical 
strength, and good UV-visible transparency in the zone where the polyimide external coating is 
removed. Also rarely employed are fused-silica capillaries of rectangular cross sections in spite of 
the significant improvements in absorbance detection sensitivity due to the flat walls that produce 
less optical distortion than circular capillary walls [17,18].

In most commercially available instruments, the capillary is mounted on a cartridge that is part 
of the cooling system devoted to maintain the capillary in an environment at constant temperature, 
either by circulating air or a cooling fluid through the cartridge, which also guarantees reliable 
alignment of the capillary detection windows in the optical center of the detector. An inert gas or 
air supply is used to rinse and fill the capillary with the electrolyte solution, to introduce the sample 
by hydrodynamic injection, and for the pressurization of packed and monolithic capillary column to 
prevent air bubble formation. In the case of rinsing and filling the capillary with solutions or intro-
ducing sample by hydrodynamic injection, only one electrolyte reservoir is pressurized, whereas 
the same pressure is applied on both reservoirs for the pressurization of capillaries filled or packed 
with a chromatographic support.

Other common sample injection techniques include siphoning and electrokinetic sampling, 
whereas the use of sampling devices, such as miniaturized sampling valve [19], rotary-type 
injectors [20], or electric sample splitter [21] have found very limited applications. Sample injec-
tion by siphoning is performed by introducing the appropriate end of the capillary into the 
sample vial and raising it up to a defined level above the electrolyte reservoir for a certain time. 
The resulting hydrostatic pressure generates a hydrodynamic flow that allows the introduction 
of a volume of the sample solution into the capillary proportional to the level and duration of 
raising the sample vial, pending on the fast and repeatable execution of all operations. In brief, 
the procedure comprises moving the capillary end from the electrolyte reservoir to the sample 
vial, raising the sample vial, returning it back to the reservoir level after the sampling time, and 
moving back the capillary end into the electrolyte reservoir. Therefore, the repeatability of these 
operations is low when they are done manually, as in the case of homemade apparatus. On the 
other hand, this injection mode allows introducing an aliquot of the sample representative of its 
composition.

Electrokinetic sampling is based on electrophoretic migration of charged components of sample 
and introduction of the sample solution into the capillary by the EOF. The main drawback of this 
sampling technique is the selective introduction of sample, which depends on the polarity of applied 
voltage, electrophoretic mobility of each sample component, and velocity of the EOF. For example, 
injecting at the anodic end in presence of cathodic EOF implies that positively charged analytes are 
selectively introduced into the capillary at a greater extent than negatively charged ones, which are 
introduced into the capillary only if their electrophoretic mobility is lower than the EOF, otherwise 
they do not enter the capillary at all. In such a case, the analytes introduced into the capillary tube 
are not representative of the sample composition.

In commercially available instruments, all vials containing either the sample solution or the solu-
tions employed for separation and for rinsing the capillary between runs are held in an autosampler, 
which in most instruments can be thermostated at a desired temperature. The autosampler can also 
be programmed to carry out the collection of separated fractions for micropreparative applications. 
The operations performed by the autosampler and by the other equipments of the separation unit 



Capillary Electromigration Techniques 165

are controlled by suitable software loaded on a personal computer, also performing data acquisition 
and processing.

6.3.2 DETECTION

Typically, sample detection in electromigration techniques is performed by on-column detection, 
employing a small part of the capillary as the detection cell where a property of either the analyte, 
such as UV absorbance, or the solution, such as refractive index or conductivity, is monitored. 
This section briefly describes the major detection modalities employed in capillary electromigration 
techniques, which are accomplished using UV-visible absorbance, fluorescence spectroscopy, and 
electrochemical systems. The hyphenation of capillary electromigration techniques with spectro-
scopic techniques employed for identification and structural elucidation of the separated compounds 
is also described.

6.3.2.1 Absorbance

As in HPLC, the primarily used detector is based on the absorbance of UV or visible light, due to 
the great number of substances that absorb these radiations. The photometric on-column detection 
is performed through a “window” obtained by removing a small portion of the polyimide exter-
nal coating at one end of the capillary tube. The UV or visible light is focused though the central 
bore (lumen) of the capillary tube by either fiber optics or high-quality lens, and is then detected 
by a suitable photosensor. The high transparency of fused silica allows detection at wavelength as 
low as 190 nm. The most common photometric detectors employed in electromigration techniques 
comprise fixed wavelength, variable wavelength, scanning monochromator, and photodiode array 
detectors. Similarly to the detectors used in HPLC, low pressure discharge lamps are employed as 
the sources of intensive line UV radiations, such as mercury (254 nm) or cadmium (229, 326 nm), 
whereas deuterium lamps, covering the range 190–700 nm, are employed in variable-wavelength 
and photodiode array detectors, where a tungsten–halogen lamp may be also employed to improve 
the performance in the visible region.

The main drawback of photometric on-column detection is the short distance the light travels 
through the capillary (the optical path length), which corresponds to the internal diameter of the 
capillary tube. This is because, according to the Beer’s law, the sensitivity in photometric detec-
tion is proportional to the optical path length, which in the on-column detection is in the range of 
20–100 μm, compared to the usual 1.0 cm path length of standard HPLC detectors. Moreover, the 
incident radiation enters the detection zone through a curve surface, which leads to light intensity 
loss. Even with detectors having noise levels as low as 10−5 absorption units (au), concentration 
detection limits are rarely lower than 10−6 M. However, since the injected sample volume is in the 
range of nanoliters (nL), for a 10.0 nL volume of injected sample at 10−6 M concentration, the corre-
sponding injected sample mass is in the range of 10−14 mol. Therefore, at a relatively poor concentra-
tion, detection limit of 10−6 M corresponds an excellent mass detection limit of 10−14 mol.

Improvements in photometric detection obtained by increasing the optical path length include 
the use of capillaries having bubble shape at the detection zone [22], which is fabricated directly 
into the fused-silica tube, capillaries bent to a Z-shape configuration [23] or with modified sur-
face to  realize a multireflective absorption cell at the detection region of the capillary tube [24] 
(see Figure 6.4). Increasing the inner diameter of the capillary tube only at the detection window 
 (“bubble” cell) offers the sensitivity of a wide inner diameter capillary and the low-current genera-
tion of a narrow one. The improvement in sensitivity is 3–5-fold over a capillary of same inner 
diameter, whereas resolution and peak shape are practically not affected. According to Beer’s law, 
the sensitivity gains in a Z-shaped capillary of 50 μm inner diameter can exceed a factor 100 for an 
optical path length of 5 mm. However, the gain in sensitivity is at expenses of resolution that is lost 
for adjacent peaks. Resolution is also sacrificed using the multireflective absorption cell, which is 
made directly onto the capillary by silver coating a short portion of the capillary at the detection 
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region in order to enlarge the volume of solution probed by the incident light, whose entrance is 
1.5 mm apart from the exit port made in correspondence to the photosensor. Detection sensitivity 
improvement of 40 fold has been reported using laser illumination and multireflective absorption 
cell, in comparison to direct on-column detection [24].

A high-sensitivity detection cell that can be fully decoupled from the separation capillary, either 
open or packed has been introduced by Agilent [25]. The cell is constructed from silica parts fused 
together and is flanked by flat, clear windows in order to minimize stray light. The optical path 
length is 1.2 mm and a 20-fold increase in detection sensitivity is reported, however, resolution is 
lost when the interpeak volume is lower than the cell volume (1.2 nL).

Furthermore, as it has been mentioned above, the effects of limited optical path length can be 
alleviated using capillaries of rectangular cross sections and performing the detection through the 
long axis of the capillary with the additional advantage that the flat walls of rectangular capillaries 
produce less optical distortion and scatter compared to the walls of circular capillaries. However, 
higher cost and minor availability of rectangular capillaries over the circular ones have limited 
their use.

Besides the short optical path length, further sources of poor absorbance detection are the high 
background noise level due to low light intensity and challenging optical coupling resulting from the 
small size of the detection window, which may be improved using optical fibers to focus the incident 
radiation and to collect the light passed through the capillary. Other attempts to improve absorp-
tion detection include the use of light-emitting diodes (LEDs) as alternative light sources. LEDs 
are particularly attractive in absorbance detection due to their excellent output stability, reasonable 
monochromaticity, and the option of emission at a variety of wavelengths, covering UV, visible, 
and near-infrared region (280–1300 nm) [26]. The improvement in sensitivity in using a LED is 
primarily due to its low noise compared to traditional UV-visible light sources, its high intensity at 
nearly monochromatic output, and small size, which make easy the efficient coupling between light 
source, capillary, and photodiode detectors [27,28]. The reduced size of LEDs, their exceptional 
performance, long lifetime, and low cost have greatly contributed to increase the recent attention 
on these light sources [29,30], which are cool emitters and can be used to realize miniature absor-
bance detection systems for portable electrophoretic instrumentation [31]. Up to 10 time detection 
sensitivity improvement have been reported in absorbance detection with LEDs light sources, in 
comparison to traditional UV-visible light emitters [32]. However, also with LED light sources, the 
limits of detection are still in the range of 10−5 to 10−6 M [26].

6.3.2.2 Fluorescence and Laser-Induced Fluorescence

Fluorescence detection is widely employed in electromigration techniques for samples that naturally 
fluoresce or are chemically modified to produce molecules containing a fluorescent tag. Indirect 
detection incorporating a fluorescent probe into the electrolyte solution is also employed. One of the 
most common fluorophores used for this purpose is fluorescein, which is a water soluble, stable, and 
relatively cheap compound.

In a typical fluorescence detector, the excitation radiation emitted by the high-energy source 
passes through a suitable filter or monochromator and then is focused though the lumen of the 

(A) (B) (C)

FIGURE 6.4 Schematic representation of capillaries with (A) bubble shape, (B) Z-shape, and (C) multire-
flective absorption detection zone configuration. The arrow indicates how the light beam travels through the 
capillary at the detection zone.
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detection window, which is made at the detection end of the capillary. The emitted fluorescence 
radiation is collected orthogonally to the excitation beam and passes a slit, to eliminate the scat-
tered excitation radiation, and a second filter or monochromator, to select the emission wavelength, 
prior to be focused on the photosensor, which usually is either a photomultiplier or a photodiode. 
Typically, a mercury–xenon arc lamp is employed as the emitter of the excitation radiation.

The signal measured by the photosensor expresses the intensity of the emitted fluorescence (IF), 
which depends on the intensity of the incident light (I0) and sample concentration c, among other 
factors, such as the fluorescence (or quantum) yield (Φ), the molar absorption coefficient (ε), and the 
optical path length (d). At low concentration, the intensity of emitted fluorescence is given by the 
following equation [33]:

 I I dcF 0 2 3025( . )  (6.18)

which indicates that at otherwise constant conditions the intensity of the emitted fluorescence 
directly augments with increasing the intensity of the incident light. Therefore, high-intensity mono-
chromatic beams as lasers are preferred excitation sources due to their brightness and spatial beam 
properties, which allow the excitation energy to be efficiently focused in a very small area, such as 
the lumen of the on-column detection windows, whereas the high monochromaticity reduces stray 
light levels. These excitation light emitters are largely employed to realize LIF detectors, which usu-
ally employ microscope objectives or optic fibers to collect the fluorescence signal at the exit port of 
the detection window, as it has been firstly reported by Gassmann et al. [34].

LIF is to date the most sensitive commercially available detection system developed for electro-
migration techniques, having concentration detection limits ranging between 10−11 and 10−13 M and 
mass detection limits in the order of few molecules with ultrasensitive LIF detectors [35]. However, 
also the LIF detectors may suffer from various drawbacks, which include specular and diffuse scat-
ter of the laser beam from the capillary, Raman scatter from the solvent, and luminescence from 
the optics and the background electrolyte solution. Several detector designs have been developed to 
minimize background radiation and scattering [36], including axial-beam illumination [37], two-
beam line confocal detection geometry [38], noncircular cross-section capillary columns [39], and 
sheath-flow detection cells [40], which alleviate background drawbacks by focusing the sample into 
a narrow flow stream at the exit of the capillary column.

Among these, LIF with the use of a sheath-flow detection cell is the detector of choice for ultra-
sensitive detection in capillary electromigration techniques. A typical sheath-flow cuvette consists 
of a quartz flow cell with planar surfaces in which the capillary detection end is inserted. The 
sample stream exiting the capillary column is concentrically joined with a laminar flow of a sheath 
liquid of same composition of the solution employed for the separation in the capillary column, 
which flushes throughout the detection flow cell by a pump. The result is the formation of a stable 
narrow sample stream directed to the center of the flow cell where the excitation laser beam is 
focused using a microscope objective. Because sample and sheath solution have the same composi-
tion, no variations in refractive index and light scatter or reflection occur at their interface with the 
result of greatly reducing the background signal and improving detection sensitivity, which may 
lead to detection limits as low as one single molecule [41].

Gas lasers with powers ranging from a few to more than 10 W are the most commonly employed 
sources of the excitation beam in LIF detection. These include He–Cd laser (325 and 442 nm), 
He–Ne laser (543.6, 592.6, and 633 nm), KrF excimer laser (248 nm), Nd–YAG (yttrium–aluminum–
garnet) laser (266 nm), and Ar+ ion laser (usually 488 and/or 514 nm) [35]. LEDs are very attractive 
alternatives to lasers as the excitation radiation source in fluorescence detection, due to their low 
cost, long lifetime, small size, high stability, and availability in a wide wavelength range [26]. Since 
their first use in capillary electrophoresis, proposed by Bruno et al. [42], LED-induced fluorescent 
(LEDIF) detection has started to be used with increasing frequency [43–45]. However, the diver-
gent beam of the light emitted by LEDs require more complicated optical configuration than that 
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employed with lasers, which are also superior in terms of monochromaticity. Therefore, using LEDs 
as the light source may necessitate to spectrally filter not only the fluorescence emitted beam but 
also the excitation light [46].

A more sophisticated mode of LIF detection is the multiphoton-excitation (MPE) fluorescence 
[47], which is based on the simultaneous absorption of more than one photon in the same quan-
tum event and uses special lasers, such as femtosecond mode-locked laser [48] or continuous wave 
laser [49]. This mode of LIF detection allows mass detection limits at zeptomole level (1 zepto-
mole = 10−21 mol) due to exceptionally low detection background and extremely small detection 
 volume, whereas detection sensitivity in concentration is comparable to that of traditional LIF 
detection modes. A further drawback is the poor suitability of MPE-fluorescence detection to the 
on-column detection configuration, which is frequently employed in conventional LIF detection.

6.3.2.3 Electrochemical

Electrochemical detection is based on the measurement of electrical properties of the solution trans-
porting the analyte throughout the capillary column. The detection signal may originate either from 
a cumulative property of the solution, determined by its overall composition, such as conductivity, 
high-frequency impedance, permittivity (measurement of bulk property), or from a specific prop-
erty of the solution related to the activity or concentration of the analyte of interest, such as the cur-
rent resulting from the oxidation or reduction of an electroactive species (measurement of specific 
property). In principle, each of the main modes of electrochemical detection, which are based on 
conductometric, amperometric, voltametric, and potentiometric measurements, is applicable to cap-
illary electromigration techniques [50]. However, technical limitations occurring in positioning the 
electrodes and in the isolation of the detection system from the high-voltage drop across the separa-
tion capillary are a challenge in adopting electrochemical detection in capillary electromigration 
techniques.

Conductivity detection is a universal detection mode in which the conductivity between two 
inert electrodes comprising the detector cell is measured. The different arrangements employed for 
the construction of these detectors include apparatus with a galvanic contact of the solution with 
the sensing electrodes (contact conductivity detection) [51] and detection systems without galvanic 
contact of the solution with the sensing electrodes (contactless conductivity detection) [1].

Contact conductivity detection can be performed in either on-column mode, realizing a direct or 
a solution-mediated contact of the analytes with the electrodes, or in end-column mode [1]. In the 
on-column mode, the sensing electrodes can be two platinum wires that are inserted into two holes 
made through the wall of the capillary tube, aligned with the help of a microscope and then sealed, 
as reported in one of the first papers describing the construction of an on-column conductivity 
detector [52]. The variations in the conductivity within the detection zone are measured by applying 
an alternating voltage between the sensing electrodes, in order to assure that the measurements are 
not affected by Faradaic reaction at the electrodes but solely by the concentration and mobility of 
the charged species in the solution.

In the end-column conductivity detection mode a sensing electrode is situated at the outlet of the 
separation capillary column and the conductivity measurement is made between this electrode and 
the ground electrode of the electromigration system used as the second sensing electrode. Advantages 
of the end-column detection in comparison to on-column mode include easier arrangement and 
minor difficulties in positioning the sensing electrode whereas detection sensitivity obtained with 
the two configurations is comparable (10−6 to 10−7 M) [53]. However, the dead volume between the 
separation column outlet and the sensing electrode is a source of band broadening that may greatly 
reduce efficiency and resolution.

Contactless conductivity detection mode, based on an alternating voltage capacitively coupled 
into the detection cell, is the practical and robust arrangement nowadays employed in commer-
cially available detectors that has been independently developed in 1998 by Zemann et al. [54] and 
by Freacassi da Silva and do Lago [55]. This detection mode is based on two tubular electrodes, 
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consisting of either short metallic tubes [54] or a silver varnish [55], that are placed side by side 
around the separation capillary tube at a distance of few millimeters, which define the detection 
volume. Each electrode forms a capacitor with the electrolyte solution contained into the separation 
capillary whereas the electrolyte solution contained into the capillary forms a resistor. An alternat-
ing voltage is applied to one of the galvanically isolated electrodes and the resulting alternating 
current, which is affected by variations of conductivity into the detection volume, is measured at 
the second electrode. A schematic representation of a capacitively coupled contactless conductivity 
detector employing the axial arrangement of two tubular electrodes is reported in Figure 6.5.

Other electrode configurations, such as the radial arrangement consisting of four thin wires 
placed perpendicularly around the circumference of the separation capillary column, have found 
less application due to more complicated construction and restriction in space and diameter of the 
separation capillary [56]. Due to its low cost, robustness, minimal maintenance demands, possibil-
ity to be freely moved along the capillary [57], or combined with either UV-absorbance [58] or 
fluorescence [59] detection, the capacitively coupled contactless conductivity detector has recently 
gained wide acceptance not only for the determination of inorganic ions but also for biomolecules 
and organic ions, as it has been recently comprehensively reviewed by Kubăň and Hauser [1].

The amperometric detection modes are suited for monitoring analytes that can be either oxi-
dized or reduced at an electrode surface (the sensing electrode) that is under the influence of an 
applied direct voltage, which is referred to as the working electrode. The potentiostatic circuitry 
is completed by the reference and counter electrodes, which, together with the working electrode, 
comprise the detection cell. Sample detection is carried out by controlling the potential applied to 
the working electrode, which is usually held at a constant value, and measuring the current result-
ing from the analyte oxidation or reduction at this potential. The current produced by either the 
 oxidation or the reduction reaction is directly related to the analyte concentration.

Carbon is typically used to construct electrodes and alternative materials include transition or 
noble metals, such as copper, platinum, and gold. These electrodes are prone to fouling as the oxi-
dation products of the analytes accumulate on the electrode surface. Such problems can be solved 
by using a pulsed amperometric detector (PAD) [60], in which the applied potential is accompanied 
by pulsed steps producing the electrode surface activation and electrode cleaning, or an integrated 
pulsed amperometric detector (IPAD) [61], which incorporates a scanning voltammetry in order 
to use a potential scan in the detection step along with the pulsed steps for surface activation and 
electrode cleaning.

The main challenge of coupling capillary electromigration techniques and amperometric detec-
tion is the performance of electrochemical measurements in the presence of a high-voltage electrical 
field. A possible approach to minimizing the interferences of the high-voltage electrical field with 
the detection circuit consists in making a fracture in the capillary near the end through which the 
 electrophoretic current could be grounded. The fracture divides the capillary into two sections: a 
“separation capillary” before the fracture and a “detection capillary” beyond it. These two sections 
are maintained together by a fracture decoupler that in the first configuration described by Wallingford 
and Ewing was a porous glass capillary forming a joint for the two capillary pieces [62].

A variety of alternative materials can be employed in place of porous glass, including Nefion 
[63], which is the material of most frequent choice employed today to construct decoupler devices 
[2]. This arrangement is referred to as the off-column amperometric detection mode [64].

1 2 3

FIGURE 6.5 Schematic representation of contactless conductivity detection cell. (1) Capillary, (2) actuator 
electrode, and (3) pickup electrode.
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The fabrication and handling of decouplers are quite difficult and require time and manipulative 
skill. A more straightforward alternative arrangement that avoids the use of a decoupler device is 
the end-column detection mode, which was first suggested in 1991 by Huang et al. [65] and is widely 
employed nowadays [66]. In this detection mode, the working electrode is placed near to the outlet 
of the separation capillary tube and the voltage applied for separation is grounded in the detection 
reservoir via ground electrode. Separation columns of 25 μm internal diameter or smaller are usu-
ally employed in order to increase the electrical resistance within the capillary used for separation, 
with the consequence that the current associated with the electromigration separation system pro-
portionally decreases and the electrical field falls more rapidly at the capillary exit. Typical distance 
of the working electrode from the outlet of the capillary column is in the order of tens of microm-
eters and the axial alignment between the capillary exit and the working electrode, which is crucial 
to achieve optimum detection sensitivity, is carried out by the help of an x,y,z-micropositioner and 
a microscope. Alignment by this process is quite complex and time consuming and, therefore, a 
variety of alternative approaches for positioning the working electrode have been developed, such 
as the use of integrated guiding systems [67] and capillary-electrode holders [68].

6.3.2.4 Other Detection Modes and Hyphenated Techniques

The three main detection techniques described above can also be applied in “indirect” detection 
mode, which implies to monitor a characteristic property of the background electrolyte solution, 
such as UV absorbance, fluorescence, or electrochemical property that is altered in the zone of the 
electrolyte solution containing the separated analytes. This detection mode is typically realized by 
incorporating into the electrolyte solution a ionic additive that can be easily revealed at low con-
centration by the selected detection mode, thus giving a highly background detection signal. For 
electroneutrality reasons, the migration of charged analytes within the electrolyte solution causes 
the displacement of the ionic additive from the zone where they are present, with consequent pro-
duction of a negative peak in the background signal, which reveals their presence. Sensitivity is 
generally lower than that of the corresponding direct detection mode and has to be optimized by 
minimizing the concentration of the additive, whereas the ratio of background signal to background 
noise and the number of molecules of the ionic additive that are displayed by a molecule of the ana-
lyte (transfer ratio) should be as large as possible. An additional drawback of indirect detection is the 
linearity of detection response, which has generally a narrower range of that of the corresponding 
direct detection mode.

Other detection modes employed in capillary electromigration techniques include chemilumi-
nescence [69–71], Raman spectroscopy [72,73], refractive index [74,75], photothermal absorbance 
[76,77], and radioisotope detection [78]. Some of these detection modes have found limited use due 
to their high specificity, which restricts the area of application and the analytes that can be detected, 
such as radioisotope and Raman-based detection that are specific for radionuclides and polarizable 
molecules, respectively. On the other hand, the limited use of more universal detection modes, such 
as refractive index, is either due to the complexity of coupling them to capillary electromigration 
techniques or to the possibility of detecting the analytes of interest with comparable sensitivity by 
one of the less problematic detection modes described above.

The hyphenation of capillary electromigration techniques to spectroscopic techniques which, 
besides the identification, allow the elucidation of the chemical structure of the separated ana-
lytes, such as mass spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR) has 
been widely pursued in recent years. Such approaches, combining the separation efficiency of cap-
illary electromigration techniques and the information-rich detection capability of either MS or 
NMR, are emerging as essential diagnostic tools for the analysis of both low molecular weight and 
 macromolecular compounds.

Mass spectrometry provides detailed information regarding molecular weights and structures 
from extremely small quantities of materials. Several types of ionization sources can be employed 
for the on-line hyphenation of capillary electromigration techniques with MS, which include 
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electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI),  atmospheric 
 pressure photochemical ionization (APPI), MALDI, inductively coupled plasma (ICP), and fast 
atom bombardment (FAB) [6,79–81]. At present, the most common approaches are based upon 
the atmospheric pressure ionization (API) interfaces APCI and ESI, whereas the earliest arrange-
ments based on FAB interfaces, which are effected by several drawbacks, such as unstable elec-
trical current, have been progressively abandoned. A major advantage of ESI is the softness of 
the ionization process by which ions in solution, also of high molecular mass such as proteins, 
can be transferred to the gas phase [82]. This characteristic results in natural compatibility with 
both biological samples and liquid-phase separation methods such as capillary electromigration 
techniques.

Another distinguished characteristic of ESI is the generation of a series of multiply charged 
intact ions for high molecular mass substances such as proteins. These ions are represented in the 
mass spectrum as a sequence of peaks, the ion of each peak differing by one charge from those of 
adjacent neighbors in the sequence. The molecular mass is obtained by computation of the mea-
sured mass-to-charge ratios for the multiple charged ions using a “deconvolution algorithm” that 
transforms the multiplicity of mass-to-charge ratio signals into one single peak on a real mass scale 
[83]. Obtaining multiple charged ions is advantageous as it allows the analysis of proteins up to 
100–150 kDa using mass spectrometers with upper mass limit of 1500–4000 amu.

Several approaches are employed to connect the outlet of the separation capillary column to the 
MS ion source providing suitable arrangements to apply voltage to the capillary outlet and to obtain 
the flow rate adjustment between the separation capillary column (in the range of nL min−1) and 
the MS ion source (in the range of μL min−1), which is usually performed through an additional 
liquid (sheath liquid). Basically, three major types of interfaces are employed for coupling capillary 
electromigration systems with MS, which are identified as coaxial sheath-flow [84], sheathless [85], 
and liquid-junction interfaces [86,87].

In the sheathless interface, the electrical contact is obtained by coating with either a metal [85, 
88–90] or a conductive polymer [91] the separation capillary outlet, which is shaped as sharp tip. 
Also employed are sheathless interfaces in which the electrical contact is established using a metal 
electrode or a conductive wire inserted into the outlet of the separation capillary [92]. A small 
gap between the separation capillary and the needle of the ionization device filled by a liquid is 
the approach made to establish the electrical contact in the liquid junction interface [86,87]. This 
arrangement is also realized by making porous through chemical etching the tip [93] or a small 
 section of the wall [94] of the separation capillary at its outlet.

The most commonly used arrangement is the coaxial sheath interface, consisting of one or two 
concentric tubes surrounding the separation capillary through which are flushing the sheath liquid 
and the nebulizing gas [95,96]. Main advantages of this approach include the possibility of employ-
ing for the separation method solutions having limited compatibility with the ionization process and 
the formation of an electrical contact between the separation capillary and the electrode.

Capillary electromigration technique can also be successfully coupled to MALDI by several 
arrangements, either off-line [97] or on-line [6]. The off-line coupling is usually realized by collect-
ing the effluent from the capillary column drop wise or by sample deposition from the outlet end 
of the separation capillary onto the MALDI target, either in the form of spots [98] or as a continu-
ous steak [99], using either appropriated designed tips or sheath-flow-assisted deposition devices 
 [100–103]. The matrix for MALDI is either deposited on the target plate, or mixed with the affluent 
from the column after the separation or added after sample deposition.

The on-line coupling of CE to MALDI reduces the sample handling steps and, therefore, is 
expected to be more effective for ultra-trace analysis. Several arrangements have been proposed 
for such approach including the direct introduction of the end of the separation capillary into the 
vacuum region of a time-of-flight (TOF) mass spectrometer and desorption of the separated samples 
by a laser light irradiating the capillary end [104]. A variety of vacuum deposition interfaces has 
been proposed too, which use either a rotating quartz wheel [105] or a disposable moving tape 
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[106,107], located in the vacuum of the mass spectrometer, onto which the effluent from the sepa-
ration capillary is deposited after having been mixed with the matrix solution in a  liquid junction 
located between the above separation capillary and the capillary tube used to deposit the sample–
matrix mixture. Other proposed approaches employ a rotating ball interface with an open configu-
ration that allows online sample and matrix contact deposition from the capillaries at  atmospheric 
 pressure [108,109].

The on-line approach shows high efficiency and sensitivity. However, off-line cleaning or replace-
ment requirements of the interface result in limited operational time. On the other hand, problems 
have been reported with the off-line approach too. The essentially arbitrary collection of fractions 
(spots) clearly offsets the high resolution of the separation. Other problems may arise from the 
incomplete deposition of the analyte in the form of drops onto the target, which in turn results in a 
substantial fraction of the analyte being present in the next deposited drop.

Also promising is the hyphenation of capillary electromigration techniques with nuclear mag-
netic resonance spectroscopy (NMR), which is widely employed for identification and structural 
elucidation of organic compounds unattainable by other analytical methods. Direct on-line hyphen-
ation can be realized by constructing a solenoidal geometry radio frequency (RF) NMR transmit/
receive coil by wrapping a copper or gold wire around the fused-silica capillary at the end of the 
separation column, which is then located inside the magnet bore of the NMR instrument in position 
to ensure that the detection zone of the capillary and coil are perpendicular to the static magnetic 
field, as first reported by Sweedler and coworkers [110,111]. A saddle-type (Helmholtz) RF coil can 
also be used as the NMR probe [112]. The RF coil is the probe having the function of delivering 
the radio frequency energy needed to excite NMR active nuclei and of collecting signals from the 
sample. To gain the maximum NMR signal, a solenoidal RF coil must be aligned perpendicular 
to the static magnetic field whereas a saddle-type coil must be positioned with its axis parallel to 
the static magnetic field. Other specific requirements are limited to keeping magnetic objects far 
away from the magnet, usually several meters depending on the magnet field strength, except with 
shielded magnets, whereas nonmagnetic plastic electrolyte reservoirs and platinum electrodes can 
even been located within the magnet bore. Otherwise, the instrumentation employed to perform cap-
illary electromigration techniques can be on-line hyphenated with the NMR spectrometer  without 
major modifications.

Because capillary electromigration techniques employ limited volumes of solvents, their 
hyphenation with NMR makes economically practicable the use of deuterated solvents, avoiding the 
elaborate signal suppression techniques requested with the use of protonated solvents that lead to 
distortion of parts of the NMR spectra. The interpretation of NMR spectra can also be complicated 
by changes in the chemical shift caused by variations of temperature due to joule heating. Therefore, 
capillaries of smaller internal diameter are preferred for their higher capability at dissipating heat 
due to the greater surface-to-area ratio than larger capillaries. On the other hand, because of the low 
sensitivity of NMR as compared to other detection techniques, ranging between 10−9 and 10−11 mol 
[5], capillary of a relatively large internal diameter would be preferred. In practice, capillaries of 
75–200 μm internal diameters are generally employed when electromigration separation techniques 
are hyphenated with NMR.

Using solenoidal RF coils the volume of detection is determined by the diameter of the capillary 
and the number of turns of the RF coil (determining the length of the probe), whereas the acquisi-
tion time of the NMR signal depends on the velocity at which each analyte passes the detection 
zone. Therefore, with capillary of 75 mm I.D. and solenoidal RF coil of 1 mm length the NMR 
detection cell volume is about 5 nL and the residence time of the analytes inside the detection cell 
is usually less than 60 s, which may adversely limit the number of possible NMR acquisitions and 
therefore the detection sensitivity. Bigger detection cells can be realized by enlarging the inner 
diameter of the zone of the fused-silica capillary at the end of the separation column where the RF 
coil is located [112]. Such arrangement results in increasing both detection volume and residence 
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times at expenses of resolution of closely migrating/eluting analytes. Longer residence times have 
the effect of enabling prolonged NMR acquisition times and larger detection volumes, resulting 
in increased mass of the analyte exposed to the mass-sensitive RF coil with the consequence of 
enhancing  sensitivity. However, the enlargement of the inner diameter of the capillary tube brings to 
a reduction of its thickness at the detection zone with the consequence that the coil comes into closer 
contact with the sample and magnetic susceptibility effects may occurs, resulting in degraded line 
shapes and loss of sensitivity. Moreover, a decrease in sensitivity is observed if the volume of the 
detection cell is larger than the volume occupied by the separated analyte in the capillary separation 
column due to an increase of the signal-to-noise ratio.

For a given diameter, solenoidal RF coils are 2–3 times more sensitive than saddle-type RF coils 
[113], which are more difficult to construct than RF coils with solenoidal geometry, especially at 
small dimensions. Another significant difference between the two RF coils is related to the influ-
ence of the magnetic field induced by the current resulting from the electric field applied across the 
ends of the separation capillary on the acquisition of the NMR spectra. With saddle-type RF coils, 
the separation capillary is aligned parallel to the NMR static magnetic field, which is practically not 
affected by the magnetic field induced by the current resulting from the electric field applied across 
the ends of the separation capillary, perpendicular to the current flow direction and, therefore, to 
the static magnetic field. On the other hand, using a solenoidal RF coil, positioned perpendicular 
to the static magnetic field in order to gain the maximum NMR signal, the current associated to 
the electromigration separation system induces a magnetic gradient along the static magnetic field, 
which causes the broadening of the NMR signals, resulting in a decrease of sensitivity and a loss 
of scalar coupling information that are hard to avoid using the shimming procedures generally 
employed to restore magnetic field homogeneity. Also of limited help are NMR post-processing 
procedures appositively developed to extract information from NMR spectra distorted by inhomo-
geneous magnetic field resulting from the magnetic field induced by the current associated to the 
 electromigration separation system [114].

The simplest approach to circumvent the detrimental effect of the magnetic field induced by 
the electromigration system consists in performing the acquisition of the NMR spectra during 
periodic interruptions of the applied electric field (stopped-flow method), which have also the 
beneficial effect of increasing the acquisition times and eliminating the observed degradation of 
NMR signals acquired with sample movement through the NMR probe [115]. Such procedure 
is also employed to perform signal acquisitions for two-dimensional NMR investigations [116]. 
However, the periodic interruption of the applied electric field may adversely affect the separa-
tion efficiency and reduce resolution due to the diffusion of the analytes over the stopped-flow 
periods, in addition to increasing the analysis time. These drawbacks can be avoided by splitting 
the flow from the separation capillary into two outlets, consisting of two capillaries each holding 
a RF coil, and alternating electromigration flow and NMR measurements between the two out-
lets in order to perform continuous electromigration separations with stopped-flow NMR signal 
acquisition [117].

Alternatively, the electric field can be solely applied along the portion of the capillary column, 
located outside the magnet bore of the NMR spectrometer, where the separation takes place and not 
across the whole capillary system. Such splitless arrangement can be realized by inserting between 
the separation and detection portion of the capillary a short stainless steel capillary tube, by using 
two zero dead volume unions, which is then electrically connected to the high-voltage power sup-
ply to close the electrical circuit of the electromigration separation system, excluding the capillary 
section holding the RF coil [118]. Besides its role for the identification and structural elucidation 
of compounds in complex mixtures, the hyphenation of capillary electromigration techniques with 
NMR is a powerful tool to monitor separation parameters [115] and to elucidate dynamic processes 
occurring during the separation, such as chiral recognition mechanisms [119] and Joule heating 
effects [120].
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6.4  FACTORS INFLUENCING PERFORMANCE AND 
SEPARATION PARAMETERS

Besides electroosmosis, other phenomena that may affect the performance of any electromigra-
tion technique are the heat generated in the column by Joule effect, the untoward interactions of 
the analytes with the inner surface of fused-silica capillary tubes, sample diffusion, and electro-
migration dispersion. This section briefly describes the first two phenomena in Sections 6.4.1 and 
6.4.2, respectively, whereas the motion of the analytes within the electrolyte solution due to cha-
otic Brownian movement (diffusion) and the variations in conductivity and electric field strength 
occurring in the sample zone during electrophoresis (electromigration dispersion) are discussed in 
Section 6.4.3 as factors contributing to the band broadening of charged analytes migrating under the 
influence of the applied electric field. Ssection 6.4.3 describes the separation parameters common 
to all electromigration techniques having electrophoresis as the dominant separation mechanism, 
whereas parameters related to a specific separation mode are introduced and discussed in each 
 corresponding subsection.

6.4.1 JOULE HEATING

A capillary tube filled with an electrolyte solution behaves as a cylindrical electric conductor when 
an electric field is applied across its ends. Therefore, the passage of an electric current along the 
capillary generates Joule heat and the temperature of the electrolyte solution inside the capillary 
tends to increase if the produced heat is not efficiently dissipated through the capillary wall. In an 
open capillary tube of length L and cross-section A, filled with an electrolyte solution of conductiv-
ity σ, the amount of heat Q generated as a function of time depends on the applied electrical poten-
tial V and the current i passing through the capillary of resistance R, according to the following 
equation:
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where λ is the conductance of the capillary that, like resistance R, depends upon the capillary 
dimensions as follows:
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The Joule heat generation in a packed capillary column is given by the following expression, similar 
to Equation 6.19:
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where ε is the column porosity, which for an open capillary is unity, and accounts for the reduced 
cross section in capillary tubes either packed or filled with a stationary phase, whereas σε is an 
empirical equivalent conductivity parameter that accounts for the influence of the geometrical 
 characteristics of the packed/filled capillary on conductivity and can be calculated from the mea-
surements of current as a function of applied voltage. Therefore, as it can be verified experimentally, 
Joule heat increases with increasing applied voltage, capillary diameter, and conductivity of the 
electrolyte solution.
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Heat dissipation takes place mainly by conduction through the capillary wall and by convection, 
radiation, and conduction in the medium surrounding the capillary tube, which can be either air or a 
cooling fluid, depending on the system employed to control the temperature of the capillary column. 
In the presence of low Joule heating and efficient heat dissipation, the current resulting from the 
applied electric field is expected to vary linearly with the applied potential drop, according to Ohm’s 
law. Therefore, the experimental verification of linear increase of the electric current with increas-
ing applied electric potential across the capillary tube is indicative of efficient heat  dissipation 
through the capillary wall.

The generation of Joule heat is expected to produce temperature gradients inside the capillary tube 
that may affect EOF, migration velocity, band broadening of the analytes, and separation  efficiency. 
As the temperature of the electrolyte solution increases, its viscosity and electrical permittivity 
decreases, whereas longitudinal diffusion of the analyte and the zeta potential at the solid/liquid 
interface increase. Therefore, poor repeatability of EOF and migration behavior of analytes may 
occur, as well as peak broadening of charged analytes due to the different electrophoretic mobility 
at the center and near the wall of the capillary owing to radial temperature differences inside the 
capillary tube. Further, peak broadening may occur as a consequence of increased  longitudinal 
 diffusion of the analytes.

The effects of Joule heating can be controlled by efficient heat removal using a thermostabilized 
heat exchanger in contact with the capillary tube and by the appropriate selection of the opera-
tional parameters, such as capillary size, composition of the electrolyte solution, and electric field 
strength. Therefore, Joule heating effects can be minimized by using capillary of small internal 
diameter, electrolyte solution of low conductivity, and by applying electric potentials which are 
within the linearity of Ohm’s law. In fact, capillaries of smaller internal diameters are more efficient 
at dissipating heat due to the greater surface-to-volume ratio than larger capillaries and, in addition, 
less amount of Joule heat is generated in capillary of smaller cross section. Because Joule heating 
depends on the square of the current flushing through the capillary tube, the use of diluted solu-
tions of low conductive electrolytes should be preferred whenever possible, recalling that in an open 
 capillary tube the conductivity of an electrolyte solution is expressed as
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where
F is the Faraday constant
C is the molar concentration of the electrolyte
zj, νj, and χ j are valency, mobility, and number of moles of the jth ionic species per mole of 

 electrolyte, respectively

However, it should be noted that using diluted electrolyte solutions imply lowering ionic strength and 
buffering capacity, leading to a variety of drawbacks that will be discussed later in this chapter.

Several models have been developed to describe the effects of Joule heating and to calculate the 
resulting temperature profile in open and packed/filled capillary columns [120–125]. The tempera-
ture inside the capillary tube assumes a parabolic profile with the maximum value at the center and 
drops according to a logarithmic curve in the capillary wall and in the medium surrounding the 
capillary tube. Accordingly, the temperature gradient between the center of the capillary and the 
surrounding medium is given by the following equation:
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where
ri and ro are the inner and outer radius of the fused-silica tube
rc refers to the outer radius of the polyimide coating of the capillary tube
κs and κw are the thermal conductivities of the electrolyte solution and of the capillary wall, 

respectively
h is the thermal transfer rate from the capillary wall

Equation 6.23 evidences the importance of efficient heat removal from the outer capillary wall and 
is in agreement with the above observation on the advantageous use of capillary tubes of smaller 
inner radius. Capillaries with a larger outer radius reduce the effects of the thermal isolating proper-
ties of the external polyimide coating of the capillary tube, facilitating heat dissipation through the 
capillary wall.

6.4.2 INTERACTIONS WITH THE INNER WALL OF FUSED-SILICA CAPILLARIES

Charged compounds bearing different functional groups may interact with a variety of active sites 
on the inner surface of fused-silica capillaries, which comprise inert siloxane bridges, hydrogen 
bonding sites, and different types of ionizable silanol groups (vicinal, geminal, and isolated), giving 
rise to peak broadening and asymmetry, irreproducible migration times, low mass recovery, and 
in some cases irreversible adsorption. The detrimental effects of these undesirable interactions are 
particularly challenging in analyzing biopolymers, owing to the general more complex molecular 
structure of these molecules, and basic compounds. One of the earliest and still more adopted strat-
egy to preclude the interactions of interacting analytes with the wall of bare fused-silica capillaries 
is the chemical coating of the inner surface of the capillary tube with neutral hydrophilic moieties 
[126]. The chemical coating has the effect of deactivating the silanol groups by either converting 
them to inert hydrophilic moieties or shielding all the active interacting groups on the capillary wall. 
A variety of compounds, including alkylsilanes, carbohydrates, neutral polymers, acrylamide, and 
acrylamide derivatives can be covalently bonded to the silica capillary wall by using bifunctional 
reagents to anchor the coating to the wall [127]. Polyacrylamide (PA), poly(ethylene glycol) (PEG), 
poly(ethylene oxide) (PEO), and polyvinylpyrrolidone (PVP) can be successfully anchored onto the 
capillary surface treated with several different silanes including 3-(methacryloxy)-propyltrimethox-
ysilane, 3-glycidoxypropyltrimethoxysilane, trimethoxyallylsilane, and chlorodimethyloctylsilane. 
Alternatively, a polymer can be adsorbed onto the capillary wall and then cross-linked in situ. Other 
procedures are based on simultaneous coupling and cross-linking. The use of alternative materi-
als to fused silica such as polytetrafluorethylene (Teflon) and poly(methyl methyacrylate) (PMMA) 
 hollow fibers has found limited application.

The deactivation of the silanol groups can also be obtained by the dynamic coating of the inner 
wall by flushing the capillary tube with a solution containing a coating agent. A number of neu-
tral or charged polymers with the property of being strongly adsorbed onto the capillary wall are 
employed for the dynamic coating of bare fused-silica capillaries [128]. Modified cellulose and 
other linear or branched neutral polymers may adsorb onto the capillary wall with the consequence 
of modifying the ξ–potential, increasing the local viscosity in the electric double layer and masking 
silanol groups and other active sites on the capillary surface. Hence, the dynamic adsorption of the 
coating agent results in lowering or suppressing the EOF and in reducing the interactions with the 
capillary wall.

Polymeric polyamines are also strongly adsorbed in the compact region of the electric double 
layer as a combination of multisite electrostatic and hydrophobic interactions. The adsorption results 
in masking the silanol groups and the other adsorption active sites on the capillary wall and in 
altering the EOF, which is lowered and in most cases reversed from cathodic to anodic. One of the 
most widely employed polyamine coating agents is polybrene (or hexadimetrine bromide), a linear 
hydrophobic polyquaternary amine polymer of the ionene type [129].
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Alternative choices are polydimethyldiallylammonium chloride, another linear polyquaternary 
amine polymer, cationic amine surfactants, and polyethylenimine (PEI) [130]. Also interesting is 
the dynamic coating obtained with ethylenediamine-derivatized spherical polystyrene nanoparticles 
of 50–100 nm diameter, which can be successively converted to a more hydrophilic diol-coating by 
in situ derivatization of the free amino groups with 2,3-epoxy-1-propanol [131]. Particularly attrac-
tive is the use of aliphatic vicinal oligoamines, such as triethylenetetramine (TETA) and diethylen-
etriamine (DIEN), which are effective at masking the silanol adsorption sites of bare fused-silica 
capillaries for proteins and peptides, while being capable of controlling the protonic equilibrium in 
a wide pH range, when used as the BGE in combination with a polyprotic acid [132–134]. The pKa 
values of the above aliphatic vicinal oligoamines are reported in Table 6.1 and an example of sepa-
ration of basic proteins performed at pH 4.0 in a bare fused-silica capillary with the BGE consist-
ing of 10 mM N,N,N′N′-tetramethyl-1,3-butandiamine incorporated into 40 mM DIEN-phosphate 
buffer, is reported in Figure 6.6. The efficient separation displayed in Figure 6.6 is the result of the 
capability of the two aliphatic oligoamines at masking the silanol active sites for proteins on the 
wall of bare fused-silica capillaries, also at a pH value at which the separation of basic proteins in 
uncoated capillaries is particularly problematic. This in consequence that at pH 4.0 the capillary 
wall and the basic proteins are oppositely charged, in view of the isoelectric points of the four pro-
teins, which are ranging from 9.5 (cytochrome c) to 11.0 (lysozyme) and the ionization of the silanol 
groups, already significant at this pH value.

TABLE 6.1
Acronym, Structure, and pKa Values of the Aliphatic Vicinal 
Oligoamines Diethylentriamine and Triethylenetetramine

Buffering Agent Acronym Structure pKa [133]

Diethylentriamine DIEN H2NC2H4NHC2H4NH2 4.23

9.02

9.84

Triethylentetramine TETA H2NC2H4NHC2H4NHC2H4NH2 3.25

6.56

9.08

9.74
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FIGURE 6.6 Separation of standard basic proteins in bare fused-silica capillary with BGE consisting of 
10 mM N,N,N′N′-tetramethyl-1,3-butandiamine in 40 mM diethylenetriamine-phosphate buffer (pH 4.0). 
Capillary, bare fused silica 0.050 mm I.D., 0.375 mm O.D., total length 330 mm (245 mm to the detector); 
applied voltage 15 kV; cathodic detection at 214 nm; temperature of the capillary cartridge, 25°C; samples: (1) 
phenyltrimethylammonium iodide, (2) cytochrome c, (3) lysozyme, (4) ribonuclease A, (5) α-chymotrypsinogen 
A. (Personal collection).
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6.4.3 SEPARATION PARAMETERS

The time required by a given analyte to migrate under the sole influence of the applied electric field 
across the capillary tube from the injection end of the capillary to the detection windows (migration 
distance) is defined as the “migration time” (tm) and, similarly as the retention time in HPLC, is used 
for identification of sample components. It is given by
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where
l is the migration distance
vobs is the observed migration velocity of the considered analyte

By analogy with chromatography, the record of the electrophoretic process is termed 
“electropherograms.”

In the absence of EOF and separation mechanism other than electrophoresis, each analyte 
migrates with its own velocity which, according to Equation 6.8, is proportional to the strength of 
the electric field applied across the capillary tube. The constant of proportionality of the observed 
velocity of the charged analyte is defined as the “observed mobility” (μobs) and can be directly cal-
culated by the migration time and the other experimental parameters, according to the following 
equation:
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where
L is the total length of the capillary tube
E is the strength of the applied electric field (V/L)

In the presence of EOF, the observed velocity is due to the contribution of electrophoretic and 
electroosmotic migration, which can be represented by vectors directed either in the same or in 
opposite direction, depending on the sign of the charge of the analytes and on the direction of EOF, 
which depends on the sign of the zeta potential at the plane of share between the immobilized and 
the diffuse region of the electric double layer at the interface between the capillary wall and the 
electrolyte solution. Consequently, vobs is expressed as

 v v vobs e eof  (6.26)

where
ve is the electrophoretic velocity of the considered analyte in the absence of EOF
veof is the velocity of the EOF, which is indicated with negative sign if the EOF is in the opposite 

direction to the migration of the analyte

The effective mobility, expressed by Equation 6.16, can be directly calculated from the observed 
mobility by measuring the electroosmotic mobility using a neutral marker, not interacting with the 
capillary wall, which moves at the velocity of the EOF. Accordingly, the effective mobility μ of 
cations in the presence of cathodic EOF is calculated from μobs by subtracting μeof:

 obs eof  (6.27)
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Neutral substances commonly employed as neutral markers in measuring the EOF are methanol, 
acetone, mesityl oxide, and dimethylsulfoxide.

The main factor contributing to band broadening of analytes migrating under the sole influence 
of the applied electric field is longitudinal diffusion, considering negligible contributions due to 
convective motion, radial diffusion, and Joule heating, which are minimized by the use of a capil-
lary tube. Therefore, under ideal conditions (primarily, small injection plug and absence of interac-
tions of the analyte with the inner surface of the capillary), the variance of the migration band width 
(σ2) is expressed similarly to the Einstein equation for diffusion as
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The variance of the migration band is related to the efficiency of the separation system, which by 
analogy with chromatography is expressed in terms of number of theoretical plates (N), according 
to the following equation [135]:
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Combining Equations 6.29 and 6.28 leads to
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Since the number of theoretical plates is directly proportional to the strength of the applied electric 
field, the highest applied voltage possible is recommended to obtain high efficiency. This follows 
because on increasing the strength of the applied electric field the migration velocity of the analytes 
increases and, therefore, they have less time to diffuse. In addition, Equation 6.30 predicts better 
efficiency for larger charged molecules having small diffusion coefficients, which exhibit less dis-
persion than low molecular weight species.

The efficiency can also be estimated in terms of height equivalent to a theoretical plate, which 
expresses the differential increase of the band variance during the migration of a given analyte 
along the capillary and is given by
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Both the number of theoretical plates and the height equivalent to a theoretical plate estimate the 
band broadening occurring in the separation system, either related to the whole capillary tube (N) 
or to the portion of the capillary occupied by the analyte (H). The higher is N (or lower is H) the 
narrower are the recoded peaks in the electropherogram.

For analytes migrating as symmetrical Gaussian peaks, the number of theoretical plates can be 
calculated directly from the electropherograms using the following equations:
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or
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where w1/2 and wb are the peak width measured in time units at half-height and at the base of the 
detected peak, respectively. In practice, the efficiency determined by Equations 6.32 or 6.33 is gen-
erally lower than that calculated by Equation 6.31 which accounts only for peak broadening due to 
longitudinal diffusion whereas additional dispersive processes often contribute to the total variance 
of the system, according to the following equation:
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where the terms on the right side correspond to the contribution of band broadening due to diffu-
sion ( )D

2 , electrodispersion ( )E
2 , Joule heat ( )T

2 , length of the sample injection plug ( )I
2 , and 

 interactions of the sample with the inner surface of the capillary wall ( )S
2 .

Electrodispersion, also termed electrophoretic dispersion, describes the changes in conductivity 
and field strength occurring in the sample zone during the electrophoretic process. It conducts to band 
broadening and peak asymmetry or distortions, which can be controlled by matching sample and 
electrolyte solution conductivity and minimizing the concentration of the sample. Electrodispersion 
is almost negligible when the concentration of the sample in the migrating zone is sufficiently lower 
(generally at least 100 times) than that of the electrolyte solution [136]. Band broadening due to 
Joule heating is minimized by controlling the parameters influencing its generation (see Section 
6.4.1) and by efficient heat removal from the outer capillary wall, whereas the broadening due to 
sample injection is simply controlled by minimizing the length of the sample plug introduced into 
the capillary. The untoward interactions of the analyte with the inner surface of the capillary may 
cause severe peak broadening and tailing, which require complex procedures to be minimized (see 
Section 6.4.2). If any of the above terms is predominant over the diffusion, only minimal improve-
ments can be obtained by increasing the strength of the applied electric field.

The capability of separating two analytes is evaluated by the resolution (Rs), which can be sim-
ply calculated by dividing the distance between the peak maxima (Δx), expressing the difference 
between the migration distances of two adjacent peaks, to the average peak width at the baseline 
( )wb 4 :
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From the relationship existing between migration distance and electrophoretic mobility and between 
peak width and number of theoretical plates, the resolution can be expressed as
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where Δv and v̄ are the difference in electrophoretic velocity and the average electrophoretic 
velocity of the two analytes, respectively. The ratio / obs  is the relative mobility difference of 
the two analytes being separated (δm), representing an operational value of selectivity that does 
not depend only on the properties of the two separated analytes, because it can be affected by 
the EOF. The number of theoretical plates requested to completely resolve adjacent peaks can be 
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calculated by the following expression, which indicates the key role of the selectivity parameter 
δm [137]:
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The ability to separate analytes on the bases of their electrophoretic mobility, in absence of  secondary 
equilibrium in solution and interactions with the capillary wall, is expressed by the inherent selec-
tivity, which is given by the ratio of the motilities of two analytes (1 and 2) migrating as  adjacent 
peaks:
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The overall separation potential of an electromigration technique can be expressed by the peak 
capacity (n), which is defined as the maximum number of peaks that can be separated within a given 
separation time, usually coincident with the time interval between the first and last detected peak in 
the electropherogram, while retaining unit resolution for all adjacent peak pairs:
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where tω and tα are the migration times of the last and first detected peak in the electropherogram, 
respectively [135]. Peak capacity and resolution increase with the number of theoretical plates N 
and, therefore, an optimization of operational parameters performed to obtain complete resolution 
and maximum number of separable peaks involves maximizing N.

6.5 SEPARATION MODES

Using the instrumentation described above, capillary electromigration techniques can be performed 
by a variety of modes, based on different separation mechanisms that can be selected by simply 
changing the operational conditions, specifically, composition of the electrolyte solution and/or 
capillary column. A fundamental aspect of each separation mode is the composition of the elec-
trolyte solution, which may consist of either a continuous or a discontinuous electrolyte system. In 
continuous systems, the composition of the electrolyte solution is constant along the capillary tube, 
whereas in discontinuous systems it is varied along the migration path. In most capillary electro-
migration techniques, the same open capillary tube could theoretically be employed in a variety 
of separation modes, just varying the composition of the electrolyte solution, whereas other sepa-
ration modes, such as capillary electrochromatography and capillary gel electrophoresis, require 
 dedicated columns.

The names of the different separation modes of the capillary electromigration techniques 
described below are those recommended by the Analytical Chemistry Division of the International 
Union of Pure and Applied Chemistry (IUPAC) [138]. According to this recommendation, capillary 
electrophoresis is not used as a collective term for all capillary electromigration techniques per-
formed in an open capillary tube. However, it should be noted that such term is generally accepted to 
identify any electromigration technique governed by separation mechanisms mainly based on elec-
trophoretic principles, in analogy to the use of the term electrochromatography, which is referred to 
capillary electromigration techniques employing chromatographic columns, specifically, capillary 
tubes either filled, packed, or coated with a stationary phase [139]. Also, to consider is a number 
of borderline cases existing with respect to the naming of particular electromigration techniques 
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governed by the simultaneous action of different separation mechanisms, including the cases where 
chromatographic and electrophoretic phenomena are superimposed.

The following subsections briefly describe the different separation modes of electromigration 
techniques. Most of the separation parameters utilized to evaluate performance and results of the 
different separation modes are common to the majority of them and have been discussed above, 
whereas terms and parameters related to a specific separation mode are introduced and discussed 
in each specific subsection.

6.5.1 CAPILLARY ZONE ELECTROPHORESIS

Capillary zone electrophoresis (CZE) is an electromigration separation mode that uses continuous 
electrolyte solution systems and constant electric field strength throughout the capillary length, 
either in aqueous or nonaqueous background electrolyte solutions. The separation mechanism is 
based on differences in the electrophoretic mobilities of charged species and, therefore, on differ-
ences in the charge-to-mass ratio (see Section 6.2.2). Under the influence of the electric field applied 
across the capillary tube, the analytes migrate with different velocities toward the corresponding 
electrode: the positively charged analytes toward the cathode and negatively charged analyte toward 
the anode. However, in the presence of sufficiently strong EOF, which is cathodic in bare fused-
silica capillaries, cations, anions, and neutral species migrate in the direction of EOF, where sample 
detection takes place (see Figure 6.7). Consequently, the migration velocity of charged analytes is 
either the sum or the difference of electrophoretic velocity and EOF, whereas neutral molecules 
migrate with the velocity of EOF.

The concept of virtual migration distance has been introduced by Rathore and Horváth [140] to 
distinguish separative and non-separative components of the differential migration process occur-
ring in CZE, as well as in HPLC and in other electromigration techniques. According to this concept, 
the length of the capillary is divided into two virtual parts, lS and l0. The virtual migration distance, 
lS, represents the separation component of the overall migration process and it is considered as the 
virtual distance that the analytes move under the direct influence of the electric field. It is calculated 
as the product of the electrophoretic mobility of the analyte (μ) and its migration time (tm):
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FIGURE 6.7 Representation of the migration behavior of cationic, anionic, and neutral analytes in CZE 
with sufficiently strong EOF to detect all analytes at the cathodic end of the capillary (panel A) and related 
electropherogram (panel B). Molecular masses proportional to the symbol size.
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The virtual migration distance, l0, arising from EOF is expressed as the product of the migration 
time of the analyte (tm) and the electroosmotic mobility (μeof):

 l t0 eof m  (6.41)

Both lS and l0 can be expressed by either positive or negative numbers, depending on the direction of 
electrophoretic and electroosmotic mobilities and their algebraic addition equal to the real migration 
distance (Lm), which is the length of the capillary from the injection end to the detection window. 
Therefore, in co-electroosmotic mode of CZE, which means that the analytes migrate in the same 
direction of electoosmosis, both lS and l0 have the same sign, whereas in counter-electroosmotic 
mode of CZE, the two virtual migration distances have opposite signs.

The ratio of the two virtual lengths defines a parameter called the electrophoretic velocity factor 
ke, which is analogous to the chromatographic retention factor and it is expressed as [140]:
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where teof is the migration time of the neutral tracer used to measure the EOF and the ratios Lm/tm 
and Lm/teof express the velocity of the charged and neutral components of the sample, respectively. 
Therefore, the velocity factor ke can also be considered as the dimensionless electrophoretic velocity 
of a charged analyte normalized to the velocity of the EOF. It is worth noting that since the analyte 
may migrate in the opposite direction to that of EOF, the velocity factor ke can be negative.

The effective mobility relative to the total mobility identifies another dimensionless migration 
parameter termed electromigration factor ( fm), which is expressed as [141]:
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In terms of virtual migration distance, the electromigration factor is the dimensionless virtual 
distance of separative migration that measures the separative fraction of the total column length. 
Table 6.2 summarizes the fundamental migration parameters of CZE expressed according to the 
conventional formalism and to the concept of virtual migration distances.

In most applications, the electrolyte solution employed in CZE consists of a buffer in aqueous 
media. Whilst all buffers can maintain the pH of the electrolyte solution constant and can serve as 
background electrolytes, they are not equally meritorious in CZE. The chemical nature of the buffer 
system can be responsible for poor efficiency, asymmetric peaks, and other untoward phenomena 
arising from the interactions of its components with the sample. On the other hand, buffering agents 
and suitable additives incorporated into the BGE may be effective at preventing or minimizing the 
interactions of the analytes with the capillary wall, which are particularly challenging for proteins 
[142,143]. Most of the additives employed for this purpose act either as masking or competing agents 
for the silanol groups on the inner wall of the capillary, so that they are not accessible to the ana-
lytes. Others may function as strong ion-pairing or competing agents for the interacting moieties of 
the analytes exposed to the electrolyte solution, in order to subtract their availability to the interact-
ing sites on the capillary wall. A schematic representation of the action of additives incorporated 
into the electrolyte solution on the electrophoretic behavior of analytes bearing multiple interaction 
sites is depicted in Figure 6.8.

In addition, the composition of the electrolyte solution can strongly influence sample solubility 
and detection, native conformation of biopolymers, molecular aggregation, electrophoretic mobility, 
and EOF, which can be altered as a consequence of the adsorption of the components of the BGE 
onto the capillary wall. Consequently, selecting the proper composition of the electrolyte solution 
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is of paramount importance in optimizing the separation of the analytes in CZE. The appropriate 
selection of the buffer requires evaluating the physicochemical properties of all components of 
the buffer system, including buffering capacity, conductivity, and compatibility with the detection 
 system and with the sample.

Additives may also be incorporated into the electrolyte solution to enhance selectivity, which 
expresses the ability of the separation method to distinguish analytes from each other. Selectivity 
in CZE is based on differences in the electrophoretic mobility of the analytes, which depends on 
their effective charge-to-hydrodynamic radius ratio. This implies that selectivity is strongly affected 
by the pH of the electrolyte solution, which may influence sample ionization, and by any variation 
of physicochemical property of the electrolyte solution that influences the electrophoretic mobility 
(such as temperature, for example) [144] or interactions of the analytes with the components of the 
electrolyte solution which may affect their charge and/or hydrodynamic radius.

TABLE 6.2
Separation Parameters in CZE According to (A) 
Conventional and (B) Virtual Migration Distance 
Formalism

Parameter A B

Electrophoretic velocity factor, ke k
t t

t
e

eof m

m

k
l

l
e

S

0

Electromigration factor, fm fm
eof

f
l

L
m

S

m

Selectivity, α2,1 2 1
2

1
, 2 1

2 01

1 02
,

l l

l l

S

S

Relative mobility difference, δm m
eof

m
Sl

l0

Resolution, RS R
N

S m
4

R
N l

l
S

S

4 0

Number of theoretical plates, N N
R16 2

2
S

m

N R
l

l
16 2 0

2

S
S

 

Capillary wall

μ

– –

+
+

+

+
–

–

–

–

–

–

–

–

–
– –

–

+ + +

+
+

+

+
+

+

– – – – – – – – – – – – – – –

–––––––––––––––––

+

FIGURE 6.8 Schematic representation of the action of additives incorporated into the electrolyte solution on 
the electrophoretic behavior of analytes bearing multiple interaction sites.
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Several buffering agents and additives can influence selectivity by interacting specifically or to 
different extents with the components of the sample, also on the basis of their stereoisomerism. The 
large selection of compounds that can be employed as additive of the electrolyte solution for this 
purpose include zwitterions, anionic or cationic ion-pairing agents, complex-forming species, chiral 
selectors, organic solvents, surfactants, cyclodextrins, denaturing agents, and ionic liquids  [145–151]. 
The related interactions may involve either chiral on non-chiral electrostatic or/and hydrophobic 
interactions, as well as hydrogen bonding, ion–ion, ion–dipole, dipole–dipole, and ion–dipole/
ion-induced-dipole interactions. Moreover, several anions, such as phosphate,  citrate, and borate, 
which are components of the buffer solutions employed as the BGE may act as  ion-pairing agents 
 influencing the electrophoretic mobility and, hence, selectivity [133,152].

Organic solvents may also be employed as an alternative to water in preparing the BGE used in 
CZE, which is referred to as nonaqueous capillary electrophoresis (NACE) [153–155]. The substitu-
tion of water by an organic solvent can be advantageous for increasing sample solubility, preserving 
the stability of analytes having the tendency to decompose in water or improving selectivity, which 
is expected to be affected by charge and solvation size of the analytes and by their interactions with 
the other components of the BGE, all influenced by the organic solvent to a different extent than 
water. In addition, the high volatility and low surface tension of many organic solvents make NACE 
suitable to be successfully hyphenated with mass spectrometry [156].

6.5.2 CAPILLARY AFFINITY ELECTROPHORESIS

Capillary affinity electrophoresis (CAE), also termed affinity capillary electrophoresis (ACE), is 
an electromigration separation mode for substances that participate in specific or biological-based 
molecular interactions, such as receptor–ligand interactions. CAE is widely employed for the char-
acterization of biomolecules, for the analysis of specific interactions of a ligand (proteins, pep-
tides, pharmaceutical active small molecules, etc.) with a receptor (typically a protein or a peptide), 
and for determining binding constants and binding stoichiometries. The wide array of interactions 
investigated by CAE include protein–drug, protein–DNA, peptide–carbohydrate, peptide–peptide, 
DNA–dye, carbohydrate–drug, and antigen–antibody [157–159].

According to the standard approach recalled in the IUPAC definition, CAE is performed incorpo-
rating one of the interacting partners into the BGE at varying concentrations, whereas the other specie 
participating in the specific interactions is injected into the capillary as the sample in mixture with a 
noninteracting standard and subjected to the electrophoretic run. In most applications, the receptor, 
which is very often a protein, is used as the sample, whereas the ligand, usually consisting of a less 
complex molecule, is incorporated into the BGE. When specific interactions between ligand and recep-
tor determine the dynamic formation of a complex having charge-to-size ratio different from that of the 
receptor, a shift in the migration time of the receptor relative to the standard occurs, whose extension 
is a function of the ligand concentration. Therefore, the shift in the migration time of the receptor in 
response to the composition of the running BGE reflects the degree of interactions and, therefore, the 
binding constant, which can be calculated by linear or nonlinear regression analysis [160,161].

The most frequent deleterious effects that can spoil the estimation of the binding constants 
include the variations in migration times and losses of the receptor injected as the analyte, due to 
its interactions with the capillary wall, frequently occurring with uncoated capillaries, especially 
when the receptor is a protein. Coated capillaries and the experimental arrangement with the pro-
tein incorporated into the BGE and the ligand employed as the analyte are used to overcome such 
drawbacks. However, using UV detection, the high background absorption, due to the protein solu-
tion filled in the capillary, may annihilate the theoretical benefit of better peak shape, higher repeat-
ability of migration time, and greater shift of the electrophoretic mobility expected using smaller 
and less complex molecules than proteins as the injected sample.

The loss in the detection sensitivity can be avoided by using the partial filling technique, in 
which only a small plug of the BGE containing the protein, or another UV-absorbing receptor, is 
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introduced in the capillary filled with the BGE without the receptor. The ligand is injected as the 
sample and the electrophoretic run is performed under the conditions where the UV-absorbing 
receptor does not migrate toward the detection end of the capillary or migrates at a velocity suf-
ficiently lower than the analyte, which, therefore, can be detected in the neat BGE without the 
interference of the UV-absorbing receptor [162]. These operational modes of CAE are currently 
referred to as “dynamic equilibrium capillary affinity electrophoresis” and besides being employed 
for studying molecular interactions and improving selectivity are widely utilized for the separation 
of enantiomeric molecules incorporating a chiral selector into the BGE [163].

If the interactions between the ligand and receptor are strong enough leading to the formation 
of a complex that can be considered irreversible in the capillary electrophoresis timescale, CAE is 
performed by incubating the interacting partners prior to be injected into the capillary containing 
the BGE without the interacting species. The separation of free ligand from complexed ligand is 
subsequently achieved upon application of an electrical field. The concentration of free ligand is 
determined from peak height or area measurement by the aid of external standards [164]. The third 
main format of CAE is realized by immobilizing the receptor (or the ligand) onto the capillary wall 
with the purpose of retaining or retarding the analytes having specific affinity for it, whereas the 
electrophoretic migration of all other noninteracting species are unaffected by the coating. Such 
approach is frequently applied using antibodies or antibody-related substances as the selective bind-
ing agent. This mode of CAE is also used for the enrichment, prior identification, and/or quantifica-
tion of analytes present in diluted samples or at low concentration in complex matrices, performed 
by tandem on-line hyphenation of a packed or monolithic capillary, containing the immobilized 
selective interacting agent, with the separation capillary [165].

CAE employing antibodies or antibody-related substances is currently referred to as immunoaf-
finity capillary electrophoresis (IACE), and is emerging as a powerful tool for the identification 
and characterization of biomolecules found in low abundance in complex matrices that can be 
used as biomarkers, which are essential for pharmaceutical and clinical research [166]. Besides the 
heterogeneous mode utilizing immobilized antibodies as described above, IACE can be performed 
in homogeneous format where both the analyte and the antibody are in a liquid phase. Two differ-
ent approaches are available: competitive and noncompetitive immunoassay. The noncompetitive 
immunoassay is performed by incubating the sample with a known excess of a labeled antibody 
prior to the separation by CE. The labeled antibodies that are bound to the analyte (the immuno-
complex) are then separated from the nonbound labeled antibody on the basis of their different 
electrophoretic mobility. The quantification of the analyte is then performed on the basis of the peak 
area of the nonbonded antibody.

The competitive immunoassay is performed by incubating the sample with a known fixed 
quantity of a labeled substance competing with the analyte for the binding sites on the antibody 
(labeled analog) and a limiting amount of the antibodies that can bind to both the analyte and the 
labeled analog. The components of the incubating mixture are separated by CE and the amount 
of the analyte is determined on the basis of the relative amount of the labeled analog that is 
bound to the antibodies, or that remaining free in solution, in comparison to the amount that 
is obtained when performing the immunoassay with standard solutions containing known amounts 
of the analyte [167]. Other formats of CAE, developed to address particular applications, include 
Hummel–Dreyer method (HD), vacancy affinity capillary electrophoresis (VACE), vacancy peak 
(VP) method,  frontal  analysis capillary electrophoresis (FACE), and immunoaffinity capillary 
electrophoresis (IACE) [168].

6.5.3 CAPILLARY SIEVING ELECTROPHORESIS

The main separation mechanism in capillary sieving electrophoresis (CSE) is based on differences 
in size and shape of charged analytes migrating through a sieving matrix that is enclosed in the 
capillary tube. CSE is successfully employed for separating charged biological macromolecules 
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having mass-to-charge ratios that do not vary with the molecular size. Typical examples of such 
compounds are the DNA restriction fragments, which have similar mass-to-charge ratios because 
each further nucleotide added to a DNA chain introduces an equivalent unit of charge and mass 
without affecting their ratio and, consequently, their electrophoretic mobility in free solution. 
Similarly, sodium dodecyl sulfate (SDS) protein complexes, which are generated by the binding 
of the anionic surfactant SDS to proteins in a constant ratio of 1.4 g of the surfactant per 1.0 g pro-
tein, have approximately unvarying mass-to-charge ratios resulting in comparable electrophoretic 
mobilities. Further examples of analytes having similar electrophoretic mobility in free solution 
and different molecular size and shape that can be separated by incorporating a sieving matrix in 
the capillary include oligonucleotides, RNA, double-stranded DNA, complex carbohydrates, and 
synthetic polyelectrolytes [169,170].

The sieving media may consist of permanent or chemical gels, physical gels, and polymer solu-
tions of suitable viscosity [171–174]. Permanent cross-linked gels are prepared in the capillary by 
in situ polymerization processes based on adding a catalyst to the monomer solution, which is then 
pumped into the capillary tube, where the polymerization takes place. The gel is covalently bonded 
to the inner surface of the capillary to prevent its extrusion. Typical cross-linked sieving matrices are 
the polyacrylamide gels similar to those employed in slab gel electrophoresis, whose pore size can 
be adjusted by varying the cross-linker concentration in the reaction mixture and that can be easily 
anchored to the capillary wall, previously treated with 3-methacryloxypropyltrimethoxysilane.

Such arrangement of CSE is commonly referred to as capillary gel electrophoresis (CGE) and is 
comparable to conventional slab gel electrophoresis with the advantages of on-capillary detection, 
full instrumental automation, and the possibility of applying higher electric field, due to the better 
Joule heat dissipation in the narrow bore capillaries, with consequent shorter analysis time. On the 
other hand, with cross-linked gels, samples can be introduced in the capillary solely by electro-
kinetic injection, which is not recommended for sample solutions having high salt concentration. 
Further drawbacks include the introduction of air bubbles during filling the capillary, the possible 
shrinkage of the gel during polymerization, gel breaking during subsequent capillary manipulation, 
and gel degradation by hydrolysis. Clogging of the pores during electrophoresis is another factor 
which restricts the use of cross-linked capillaries to a limited number of runs.

Replaceable sieving matrices consist of either a physical gel or a polymer solution that can be 
easily renewed even after each run. Physical gels are formed within the capillary by dynamic non-
covalent attractive interactions between the chains of a linear polymer, such as agarose, which is 
employed to form thermo-reversible gels for both traditional slab gel and capillary electrophoresis. 
This polysaccharide is not soluble in aqueous solutions at room temperature and goes into solution 
when heated. Therefore, agarose is dissolved in a warm aqueous electrolyte solution, which is fit-
ted into the capillary. As the heated solution cools, agarose chains hydrogen bond to form double-
helical structures, which in turn aggregate to form a three-dimensional network. The EOF should 
be suppressed to avoid gel extrusion, but the chemical bonding of the gel to the inside wall of the 
capillary is not required.

Nowadays, the sieving matrices most employed in CSE are polymer solutions that under suit-
able conditions may form a transient mesh or sieving matrix that provide the size-based separa-
tion of charged biopolymers. The polymer solutions can be formulated with linear acrylamide and 
N-substituted acrylamide polymers, cellulose derivatives, polyethylene oxide, and its copolymers 
or with a variety of polymers, such as polyvinylpyrrolidone (PVP), polyethylene oxide (PEO), and 
hydroxypropyl cellulose(HPC), which do not necessitate the preventive coating of the capillary wall 
due to their ability to dynamically coat the inner surface of the capillary, resulting in suppressed 
EOF and sample interactions with the capillary wall.

An interesting class of polymer matrices widely employed for CSE consists of temperature–
dependent, viscosity-adjustable polymer solutions that are filled into the capillary at one temperature 
at low viscosities and are used in separation at another temperature at entanglement threshold con-
centrations and higher viscosities. Such viscosity-adjustable polymers are termed thermoresponsive 
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and classified as thermoassociating, when viscosity increases and as thermothinning when  viscosity 
decreases with increasing temperature, respectively [175]. Examples of thermoresponsive poly-
mers are the triblock uncharged copolymers of the poly(ethylene oxide)–poly(propylene oxide)–
poly(ethylene oxide) type, the block copolymer made of a hydrophilic polyacrylamide backbone 
grafted with poly-N-isopropylacrylamideside chains [176], and the block copolymers of N,N-
dialkylyacrylamide with acrylamide, such as block copolymers of N,N-diethylacrylamide (DEA) 
with N,N-dimethylacrylamide (DMA) [177] and of linear acrylamide (LPA) with dihexylacrylam-
ide (DHA) [178]. Most of these sieving matrices are successfully employed for DNA sequencing 
using automated multicapillary electrophoresis systems, consisting of an array of capillaries that 
can be simultaneously operated for increasing the throughput of DNA sequencing [179,180].

6.5.4 CAPILLARY ISOELECTRIC FOCUSING

In capillary isoelectric focusing (CIEF), amphoteric analytes such as peptides and proteins are 
separated according to their isoelectric points by the application of an electric field along a pH gra-
dient formed in the capillary tube, which is filled with the electrophoresis medium containing the 
sample to be analyzed and a mixture of commercially available zwitterionic compounds, known as 
carrier ampholytes [181]. The anodic end of the capillary is placed into an acidic solution (anolyte), 
and the cathodic end in a basic solution (catholyte). The carrier ampholytes have closely spaced 
isoelectric point (pI) values encompassing a desired pH range, and upon applying the electric field 
across the capillary each ampholyte migrates toward the electrode of opposite charge generating a 
pH gradient.

The basic principle of CIEF is that under the action of an electric field and in the absence of 
EOF, an analyte migrates as long as it is charged and it stops migrating if it becomes neutral during 
its migration. Peptides and proteins are amphoteric analytes that are charged at pH values different 
from their isoelectric points, at which they are electrically neutral. Under the influence of an electric 
field in a pH gradient between the cathode and the anode, each negatively charged peptide or protein 
migrates toward the anode encountering progressively lower pH values with the result that its net 
negative charge and, consequently, its electrophoretic mobility are gradually reduced. When the 
considered analyte reaches the zone of the electrophoretic medium having pH value corresponding 
to its pI, it becomes neutral and stops migrating. Similarly, each positively charged peptide or pro-
tein migrates toward the cathode encountering increasing pH values, with consequent progressive 
reduction of its net positive charge and cathodic electrophoretic mobility, upon reaching the zone 
having pH value equal to its pI, where it stops migrating.

A steady-state condition is reached when all components of the sample have been focused in 
the zone of the capillary tube containing the electrophoretic medium at the pH value correspond-
ing to their pI. The completion of the focusing procedure is monitored by a drop-off in current. 
Each sample component stops migrating in a self-sharpened band because if it diffuses out of the 
focused zone it acquires a charge with the consequence of being pulled back in the focused band 
where the analyte is electrically neutral. Therefore, a remarkable feature of isoelectric focusing 
(IEF) is the concentration of the separated analytes within a narrow band [182]. However, in order 
to avoid the precipitation of the focused analytes, additives, such as nonionic surfactants (e.g., Triton 
X-100 or Brij-35) and organic modifiers (e.g., glycerol, ethylene glycol) are often incorporated into 
the electrophoresis medium as dispersants to minimize aggregation.

The resolving power of IEF is measured in terms of minimum difference between the pI of two 
adjacent separated analytes, and is expressed by the following equation:
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where
D is the diffusion coefficient of the considered analyte
dpH/dx is the rate of variation of pH with distance (pH gradient)
E is the applied electric field
−dμ/dpH is the variation of the electrophoretic mobility with pH in the vicinity of pI, which 

depends on the neat charge of the analyte near its pI

The operational parameters to be controlled are the applied electric field, with higher E leading to 
smaller ΔpI, and pH gradient, which should be as narrower as possible for higher resolution.

A peculiar aspect of performing isoelectric focusing in a capillary tube is that the anticonvec-
tive medium (usually a gel), requested in the classical version of the technique, is not used and 
relatively high electric field can be employed, due to the efficient Joule heat dissipation of small-
diameter tubes. Other remarkable features include automation, the requirement of small amount of 
sample, high resolution, and fast analysis time. On the other hand, in classical gel-IEF, the separated 
zones are promptly visualized by staining, whereas CIEF performed on most capillary electropho-
resis instruments (conventional CIEF) requires an additional step for visualizing the separation. 
These instruments use a single-point detection system located on one end of the capillary column. 
Therefore, after the IEF process is completed, a mobilization stage is required to move the focused 
analyte zones past the detection window. A schematic view of the separation mechanism operating 
in CIEF is reported in Figure 6.9.

Either two-step or one-step immobilization techniques are generally employed. Using the two-
step techniques, the analytes are first focused in the capillary and subsequently displaced toward 
the detection window by either hydrodynamic or electrophoretic mobilization, as first reported 
by Hjertén and Zhu [183]. The hydrodynamic flow can be generated by either pressure or gravity, 
while the applied electric field is maintained to avoid the defocusing of bands by laminar flow. 
Otherwise, the focused zones can be moved in the direction of the detection window by changing 
the composition of the anolyte or catholyte solution by adding a salt in the proper reservoir and 
applying the electric field. This results in a variation of pH in the electrophoresis medium due to 
the migrations of anions and cations competing with the migration of hydroxyl and hydronium 
ions, respectively. Thus, as the pH is varied both ampholytes and analytes are charged and move 
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FIGURE 6.9 Schematic representation of CIEF with visualization of the separated analytes by simultaneous 
pressure–voltage mobilization. The analytes are filled into the capillary mixed with the carrier ampholytes 
(A). The application of the electric field generates a pH gradient and the analytes focus in narrow bands 
according to their pI (B). Once focused, the analytes are moved toward the detection window by hydrody-
namic flow generated by applying pressure, while maintaining the applied electric field (C).
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in the direction of the reservoir where the salt has been added. These approaches require the use 
of coated capillaries to suppress the EOF and to prevent troublesome interactions of the ana-
lytes with the inner surface of the capillary tube. A variety of covalent [183–186] and dynamic 
[187–189] coatings are employed for these purposes. Also popular is the use of capillaries cova-
lently coated with a hydrophilic polymer in combination with a dynamic coating agent, such as 
zwitterions, polymers, and surfactants [190,191], which is incorporated into the electrophoresis 
medium.

The alternative approach is using a one-step technique, which allows performing the focusing 
process and the mobilization of the electrophoresis medium simultaneously. This is obtained by 
different methods, including the coincident application of electric field and pressure, the use of a 
catholyte (or anolyte) containing a salt, and performing CIEF with capillaries having a residual 
EOF, which can be controlled by incorporating an additive into the electrolyte medium [192,193]. 
One-step mobilization can also be performed with sulfonated polymer–coated capillaries, which 
provide sufficient and constant EOF for mobilization of the entire pH gradient to the capillary end 
with the detection windows [194].

Deformation of pH gradient, uneven resolution along the capillary column, and increased analy-
sis times are the main drawbacks of the mobilization techniques used to move the train of focused 
analytes toward the detection window, which is requested when using classical instrumentation 
with detection at a fixed point. The ideal alternative is using real-time whole column imaging 
detectors (WCID), which allow for the simultaneous detection along the entire length of the station-
ary zones focused within the capillary column by IEF [195,196]. The different types of real-time 
WCID used in CIEF include refractive index gradient imaging detector, optical absorption imaging 
detector, and LIF imaging detector, which is the most sensitive detector among them [197–199]. 
The typical arrangement of a real-time WCI detector, operating in either optical absorption or 
fluorescence mode, consists of a laser or a LED light source whose beam is projected onto the 
whole separation length of the capillary column without the outer coating. Either the light inten-
sity passing through the CIEF column or its fluorescence image emission is then focused onto a 
photodiode array or a charge-coupled device (CCD) camera. In an alternative arrangement, the 
entire column is transported past a single detection point, using either a modified UV-visible or 
fluorescence detector. However, in this case, a real-time detection mode is not performed, and the 
approach is more realistically defined capillary scanning detection. The hyphenation of CIEF with 
mass spectrometry (MS) is usually performed using electrospray ionization (ESI) or MALDI tech-
niques. However, coupling CIEF with ESI–MS suffers more from signal suppression compared to 
MALDI-MS [200,201].

CIEF can also be performed in ampholyte-free mode using a tapered capillary column, which 
takes advantage of the Joule heat to form a pH gradient. Upon applying an electric field along a 
tapered capillary filled with tris-hydroxymethylaminomethane hydrochloric acid (Tris-HCl) buffer, 
the heat generated increases along the capillary axis as the inner capillary of the column decreases, 
forming a temperature gradient along the capillary, which is due to the sensitive variation of the pKa 
value of this buffer with temperature [202,203]. Other CIEF modes comprise dynamic isoelectric 
focusing that employs capillaries having additional electrodes placed between those at the both ends 
of the capillary, which allow using multiple voltages within one capillary to manipulate the local 
pH gradient by the proper variation of the electric field [204]. Also attractive is the use of immobi-
lized pH gradient in the form of a capillary monolithic column bearing ampholytes immobilized at 
 different position in the column according to their pI [205].

6.5.5 ELECTROKINETIC CHROMATOGRAPHY

Electrokinetic chromatography (EKC) comprises a variety of electromigration techniques that use 
electrolyte solutions incorporating a separation carrier, which is called the pseudostationary phase, 
and are based on the distribution of the analytes between this phase and the surrounding solution. 
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The pseudostationary phases typically used in EKC can be either charged or neutral and comprise 
micelles, nanometer-sized droplets, nanoparticles, liposomes, etc. Their common characteristic 
is the capability of establishing a chemical equilibrium with the analytes dissolved in the BGE, 
which causes the selective variations of their migration velocity due to either electrophoresis or 
electroosmosis or both. Typically, charged pseudostationary phases migrate at lower velocity than 
EOF, which is cathodic with anionic and anodic with cationic pseudostationary phases. Therefore, 
they migrate in the same direction of EOF, but with a lesser velocity, whereas neutral pseudosta-
tionary phases migrate with the same direction and velocity of the EOF. Thus, the pseudostationary 
phase is typically transported through the electrolyte solution at a different rate than the analytes, 
whose velocity and separation is therefore influenced by their different affinity for the pseudosta-
tionary phase, in absence of which neutral analytes migrate unresolved with the same velocity of 
the EOF.

Therefore, EKC can be considered as a hybrid of electrophoresis and chromatography, separat-
ing neutral analytes exclusively on the basis of their differential partitioning between the electrolyte 
solution and the pseudostationary phase, whereas the charged analytes are separated on the basis of 
partitioning and electrophoresis. As mentioned above, pseudostationary phases can be either neutral 
or charged. It is evident that only charged analytes can be separated using neutral pseudostationary 
phases.

The first introduced and still more diffuse mode of EKC is micellar electrokinetic chromatogra-
phy (MEKC), also referred to as micellar electrokinetic capillary chromatography (MECC), which 
employs micelles as the dispersed phase, formed by incorporating a surfactant into the electrolytes 
solution at a concentration higher than the critical micellar concentration (CMC) [206]. Composition 
and pH of the electrolyte solution are selected to generate a sufficiently high EOF to transport 
micelles and analytes toward the detection windows. Sodium dodecyl sulfate (SDS) is by far the 
most widely used surfactant, due to its relatively low cost, availability in highly purified forms, 
and low CMC in aqueous solution (8 mM), above which it forms almost spherical anionic micelles 
with the charged heads oriented toward the solution and the hydrophobic tails pointing inward the 
aggregate. SDS is incorporated into electrolyte solutions at neutral to alkaline pH values to ensure 
strong EOF with bare fused-silica capillaries. Under these conditions, the anionic micelles migrate 
in opposite direction to EOF and, therefore, are transported toward the cathode with a migration 
velocity slower than the stream of the bulk flow of BGE.

Neutral analytes not interacting at all with the micelles migrate at the same velocity of EOF, 
whereas the analytes being totally incorporated into the micelle migrate at the same velocity of the 
micelle. Neutral analytes participating in reversible interactions with the micelles migrate at the 
velocity of the micelles when they are associated with a micelle and at the velocity of EOF when 
they are in the bulk solution. Therefore, these analytes migrate at a velocity comprised between 
that of EOF and that of micelles, which is proportional to the time they spend associated with the 
micelles and, consequently, to the strength of their interaction with the dispersed phase. The par-
titioning of neutral analytes in and out of SDS micelles is mainly due to hydrophobic interactions. 
Therefore, the hydrophobic diazo dye Sudan III and methanol are generally employed as the mark-
ers to measure the migration velocity of micelles and EOF, respectively. The time interval between 
the migration time of methanol (t0) and Sudan III (tpsp) specifies the migration time window within 
which neutral analytes can be separated by partitioning between the micellar and the aqueous phase 
(see Figure 6.10).

MEKC is also performed using cationic, nonionic, and zwitterionic surfactants. Widely employed 
are cationic surfactant consisting of a long chain tetralkylammonium salt, such as cetyltrimeth-
ylammonium bromide, which causes the reversal of the direction of the EOF, due to the adsorp-
tion of the organic cation on the capillary wall. Other interesting options include the use of mixed 
micelles resulting from the simultaneous incorporation into the BGE of ionic and nonionic or ionic 
and zwitterionic surfactants. Chiral surfactants, either natural as bile salts [207] or synthetic [208] 
are employed for enantiomer separations.
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The migration behavior of neutral analytes in MEKC can be described by parameters similar 
to those employed in liquid chromatography [209]. Hence, the ratio of the number of moles of the 
analyte in the micellar phase, the pseudostationary phase, (npsp) to those in the surrounding solution 
(nlp) defines the retention factor k:
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where
tm is the migration time of the analyte
t0 and tpsp are the migration times of the markers employed to measure the EOF and the migration 

rate of the micelles, respectively

The retention factor is related to the distribution coefficient K of the analyte between the micellar 
phase and the aqueous phase, according to the following equation:
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where
Vpsp and Vlp are the volumes of the micellar and aqueous (liquid) phase, respectively
Csf is the concentration of the surfactant in the BGE

 is the partial specific volume of the micelle
CMC is the critical micellar concentration

As evidenced by the above equation, the distribution coefficient can be directly calculated from 
the retention factor and other easily measurable parameters. It is also worth noting that when the 
concentration of the micellar phase is sufficiently low, the denominator at the last term of the 
above equation can be approximated to be equal to unity and the retention factor is linearly 
proportional to the concentration of the surfactant into the BGE. Accordingly, Equation 6.46 is 
rewritten as
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(Migration time window)
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FIGURE 6.10 Schematic representation of the migration time window in MEKC.
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The degree of separation of two adjacent peaks is evaluated by the parameter resolution (see 
Section 6.4.3) that in EKC is expressed by the following equation:
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where
α is selectivity, given as the ratio of the retention factors of the two adjacent peaks
k̄ is the mean retention factor

The above relationship is derived from Equations 6.36 and 6.45 and is similar to the equation 
correlating resolution to the separation conditions in liquid chromatography [210], except for the 
addition of the last term on the right-hand side, which accounts for the migration of the pseudosta-
tionary phase within the capillary column.

The equations reported above are related to MEKC and all other EKC separation modes 
performed with pseudostationary phase, analytes, and EOF moving in the same direction at 
different velocities. Such condition applies when the electroosmotic mobility is higher than the 
electrophoretic mobility of the pseudostationary phase migrating to the direction opposite to 
that of EOF.

EKC in the reversed direction mode is performed when analytes and pseudostationary phase 
move at different velocities in the same direction, which is opposite to that of EOF. In this case, 
retention factor and resolution are expressed by the following equations [211]:
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and
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EKC is not restricted to the separation of neutral analytes, as it is widely employed for the simulta-
neous separations of charged and neutral analytes as well as of ionizable compounds having similar 
electrophoretic mobility. The separation of ionizable analytes by EKC is governed by differences 
in the partitioning between the pseudostationary phase and the surrounding electrolyte solution as 
well as electrophoretic mobility. For these analytes, the retention factor can be described by the 
 following mathematical model:
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where t0psp is the migration time of the analyte in the absence of the pseudostationary phase, under 
otherwise identical experimental conditions. However, t0psp cannot be estimated without making 
several assumptions, such as negligible effect of the pseudostationary phase on the EOF, on viscos-
ity and permittivity of BGE, and, in case of MEKC or microemulsion EKC (see below), absence of 
interactions of the analytes with surfactant monomers [212]. Also relevant is the influence of pH on 
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the retention factor of an ionizable analyte, which can be calculated as the weighted average of the 
retention factor of its undissociated and dissociated forms:
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where kHA and kA are the retention factors of the undissociated (HA) and dissociated forms (A) of 
the analyte, whose dissociation constant and concentration are Ka and c, respectively, and [H+] is the 
concentration of protons [213].

Selectivity in EKC can be modulated by changing the pH of BGE and using either a different 
pseudostationary phase or incorporating an organic solvent or a suitable additive into the electro-
lyte solution, such as ion-pairing or complex-forming agents, which are expected to influence the 
partitioning of the analytes between liquid and pseudostationary phases. A typical application of 
this approach is the separation of enantiomers, generally performed using electrolyte solutions that 
incorporate a chiral selector, such as cyclodextrins, crown ethers, or macrocyclic antibiotics. Also, 
organic solvents influence the analyte interactions with the pseudostationary phase, as well as their 
mobility and, in case of micelles, vesicles, and other aggregates, the physical structure, conforma-
tion, or self-association equilibrium of these pseudostationary phases. Another widely used additive 
is urea, which increases the solubility of very hydrophobic compounds in aqueous solutions, reduc-
ing their interaction with nonpolar pseudostationary phases.

Several limitations and shortcomings are associated with the use of micelles as the pseudosta-
tionary phase. Besides the irreversible incorporation of very hydrophobic compounds within the 
micelles, other analytes such as proteins may strongly interact with the free molecules of the surfac-
tant in solution. Moreover, the significant influence of operational parameters such as temperature, 
pH, and composition of the BGE on the dynamic aggregation of the surfactant molecules may result 
in instable micelles and consequent irreproducibility.

One of the possible alternative to micelles are spherical dendrimers of diameter generally rang-
ing between 5 and 10 nm. These are highly structured three-dimensional globular macromolecules 
composed of branched polymers covalently bonded to a central core [214]. Therefore, dendrimers 
are topologically similar to micelles, with the difference that the structure of micelles is dynamic 
whereas that of dendrimers is static. Thus, unlike micelles, dendrimers are stable under a variety of 
experimental conditions. In addition, dendrimers have a defined number of functional end groups 
that can be functionalized to produce pseudostationary phases with different properties. Other 
pseudostationary phases employed to address the limitations associated with the micellar phases 
mentioned above and to modulate selectivity include water-soluble linear polymers, polymeric sur-
factants, and gemini surfactant polymers.

Nanoparticles of diameter ranging from decades to hundreds of nanometers, bearing selected 
functionalities on their surface, such as ionizable groups or chiral selectors, are alternative choices 
as pseudostationary phases. Either polymer-based or silica nanoparticles are employed [215]. The 
nanoparticles are suspended in the electrolyte solution to form stable slurries, which are employed 
as the pseudostationary phase, according to two different operational modes utilizing either the 
partial or the total filling of the capillary with the slurry solution, as depicted in Figure 6.11. In 
the partial filling arrangement, a plug of the slurry solution is introduced into the capillary before 
the sample, and as the electric field is applied, the analytes migrate through the dispersed pseu-
dostationary phase and reach the detection windows prior to the nanoparticle plug. In the total or 
full-filling arrangement the sample is injected in the capillary completely filled with the slurry 
solution and the analyte detection takes place in presence of the dispersed nanoparticles [216,217]. 
The advantage of the partial filling approach include the total absence of detection drawbacks due 
to light scattering or/and adsorption of the dispersed nanoparticles.
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As mentioned at the beginning of this section, pseudostationary phases also comprise nano-
meter-sized oil droplets. These carriers consist of droplets of a water-immiscible liquid dispersed 
in an aqueous electrolyte solution to form microemulsions. Heptane and octane are the widely 
used water-immiscible liquids used to form the microemulsion, although diethyl ether, amyl alco-
hol, cyclohexane, chloroform, methylene chloride, and several chiral compounds, such as (2R, 
3R)-di-n-butyl tartrate, are alternative choices. The microemulsion is typically formulated by 
incorporating, in a suitable ratio, the water-immiscible liquid into the aqueous BGE with a sur-
factant (e.g., SDS) and a cosurfactant, generally a short-chain alkyl alcohol, such as 1-butanol. 
The surfactant is incorporated into the BGE to facilitate the formation of the droplets by lowering 
the surface tension, further lowered by the cosurfactant, which has the function of stabilizing the 
microemulsion. This EKC mode is termed microemulsion electrokinetic capillary chromatog-
raphy (MEEKC) or microemulsion electrokinetic capillary chromatography (MEECC) [138]. It 
employs alkaline electrolyte solutions to generate high cathodic EOF, which transports the SDS-
coated (or other anionic surfactant-coated) oil droplets to the cathode, in spite of their superficial 
negative charges. Neutral analytes are separated according to their partitioning between oil and 
aqueous phase whereas charged compounds may establish either attractive or repulsive electro-
static interactions with the negatively charged droplets, while attempting to migrate toward the 
anode against the EOF, which sweeps them through the detector windows at the cathodic end of 
the capillary. MEEKC offers more operational parameters than MEKC to modulate selectivity 
and to enlarge the separation windows, which include the concentration and choice of the water-
immiscible liquid, surfactant, and cosurfactant. Also, efficiency may result superior in MEEKC 
than in MEKC due to faster mass transfer between the microemulsion and the surrounding aque-
ous phase.

The dispersed pseudostationary phase may also consist of liposomes. These are vesicles 
formed by phospholipids by a self-assembling process in aqueous solutions, which are composed 
of one or more lipid bilayer membranes that have entrapped a volume of the surrounding aque-
ous media during the self-assembling process [218]. Liposomes are classified on the basis of 
size and the number of lipid bilayers. Multilamellar vesicles (MLV) have more than one lipid 
bilayer and size up to 5.0 μm, whereas unilamellar vesicles consist of a single lipid bilayer and 
are distinguished in large unilamellar vesicles (LUV) and small unilamellar vesicles (SUV) if 
their size is in the range of 100–400 nm and 20–50 nm, respectively [219]. EKC using liposomes 
as the pseudostationary phase can be employed to separate neutral and charged low molecular 
size analytes [220] as well as proteins [221,222] and to study the interaction between liposomes 
and drugs [220,223].

Detection

end

Injection

end

(A)

(B)

FIGURE 6.11 Schematic representation of (A) partial-filling approach and (B) full-filling approach of EKC 
with pseudostationary phases consisting of nanoparticles dispersed into the BGE.
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6.5.6 CAPILLARY ELECTROCHROMATOGRAPHY

Capillary electrochromatography (CEC) can be considered as a variant of capillary HPLC in 
which the flow of the mobile phase through the column is propelled by electroosmosis instead of 
a mechanic pump. The capillary column can be either filled, packed, or coated with a stationary 
phase, which plays the dual role of providing sites for the required interactions with the analytes 
and charged groups for the generation of the EOF that ensures the movement of the mobile phase 
though the column. Stationary phases carrying cationic functional groups, such as amino or ammo-
nium groups generate anodic EOF whereas stationary phases with anionic functionalities, such as 
sulfonic or acetic groups, generate cathodic EOF. The stationary phase may also carry zwitterionic 
groups and in this case exhibits either cathodic or anodic EOF, according to the pH of the mobile 
phase.

The capillary format of the column maximizes the surface area-to-volume ratio and, therefore, 
facilitates the rapid and efficient dissipation of the Joule heat, which can be of a marked extent when 
applying the elevated voltages requested to obtain high flow rates. As mentioned in Section 6.1, 
the flow of mobile phase propelled by EOF displays a flat plug-like profile, which does not contrib-
ute to peak broadening caused by the sample transport trough the column because the driving force 
is uniformly distributed along the capillary tube. This is in contrast to the laminar or parabolic 
flow profile generated in HPLC, where there is a strong pressure drop across the column caused by 
frictional forces at the liquid–solid boundary. The absence of column backpressure allows perform-
ing CEC also with capillary columns of low permeability, such as those packed with particles in 
the submicron size range [224], whereas the length is mainly limited by the value of the electric 
field requested to obtain the desired flow rate with commercially available power supplies, which 
 usuallyoperate up to 30 kV.

Capillary columns packed with either silica-based or polymeric particles have been used since 
the earlier development of CEC [225–227] due to the availability and relatively easy preparation of a 
wide range of packing material of different diameter, pore size, and surface functionalities tailored 
for a variety of separation modes, such as in HPLC. Particles are usually packed into a fused-silica 
capillary tube by a variety of techniques, the most common of which is pressure packing of a liquid 
slurry using either water, organic solvents [228,229] or supercritical carbon dioxide as the carrier 
[230]. The generally accepted method employs a packing reservoir, such as a short 2.0 mm I.D. 
HPLC column, which is connected to the capillary tube to be packed to one end and to a high pres-
sure solvent delivery pump to the other end. The slurry reservoir with the attached column is usually 
immersed in a ultrasonic bath to maintain the slurry homogeneity during packing, which is carried 
out by transporting the suspended packing material into the capillary column by pressure, typically 
between 35.0 and 70.0 MPa (≈5,000 to ≈10,000 psi). Alternative techniques include electrokinetic 
packing [231], procedures employing centripetal forces [232,233] or combination of high electric 
field and hydrodynamic flow [234] and packing techniques by gravity [235].

Any of these techniques require the fabrication of retaining frits within the capillary column, 
which have to posses high permeability to the mobile phase flow and, at the same time, must be 
mechanically strong to retain the packing material and to resist the pressure generated during the 
packing process and the flushing procedures requested to fill and condition the column with the 
mobile phase for its use. The frits are usually fabricated by sintering a plug of silica gel, usually 
wetted with either water or potassium silicate, introduced into the capillary tube. A heating filament 
or small coil, rather than the flame of a Bunsen burner used in the earlier methods, are generally 
employed for sintering the silica plug [236]. When the chromatographic support consists of silica-
based material, the frits are generally fabricated by sintering the packing material, having the cau-
tion to minimize the degradation of the stationary phase bonded to the silica particles adjacent to 
the zone of the packing material heated to form the frit. Alternatively, the frits can be produced by 
polymerization of potassium silicate solution containing formamide, which is introduced into the 
capillary and polymerized by heating on a steam bath [237].
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Sintered frits can be the source of several drawbacks, such as band broadening, bubble  formation, 
EOF inhomogeneity, and insufficient reproducibility of the sintering method. An additional prob-
lem is the column fragility at the frit position due to the removal of the polyimide film during the 
thermal treatment, which may also cause alteration of the surface properties of the packing mate-
rial when this is used to fabricate the frits. An alternative approach to frit formation is the use 
of capillaries with a restrictor or a fine tapered end, which retain the packing material inside the 
capillary column [238]. Tapered capillaries can be produced by drawing the fused-silica capillary 
through a high-temperature flame or using a laser-based micropipette puller. Such methods produce 
externally tapered capillaries having reduced outer and inner diameters, which are, therefore, very 
fragile. The alternative method, producing more robust columns, is carried out by melting the tip of 
the capillary in a high-temperature flame thereby sealing its end. Then the sealed end is carefully 
ground to produce an opening of the required diameter. Using this method, only the inner diameter 
of the capillary is reduced in dimension whereas the outer diameter is unvaried. Packed columns 
with either external or internal taper at the outlet of the capillary are suitable to be coupled with 
electrospray ionization and mass spectrometry (CEC-ESI-MS) [238,239].

A capillary restrictor can also be realized by joining two capillaries of same outer diameter 
 (usually 375 μm) and different bore. The two capillaries, having uniform cuts at their ends, are 
joined by pushing them into a small length of PVC tube of 350 μm I.D. until their ends face each 
other [240]. Another possible approach is the use of fritless packed capillaries, which are fabricated 
without the frit at the detection end and with the tapered end at the injection side. These fritless 
capillaries can only be used with packing materials having electrophoretic mobility larger than EOF 
and directed to the opposite direction of it. For example, in the case of packing material consisting 
of negatively charged particles, upon applying the electric field the particles are attracted by the 
anode. If their electrophoretic mobility is large enough, it prevents the particles being flushed out 
from the column by the EOF, which transports the mobile phase and the analytes through the CEC 
column [241]. Besides the above limitations associated with the direction and magnitude of the 
electrophoretic mobility of the packed charged particles and the EOF, further problems arise from 
the poor stability of the packing bed when the electric field is not applied and from the fragility of 
the tapered column inlet.

The problems with packing and retaining particles in capillary tubes are eliminated by the use 
of columns containing in situ prepared monolithic separation media formed from either organic 
polymers or silica. Such monolithic columns are characterized by a bimodal pore structure consist-
ing of large pores for flow the mobile phase through the stationary phase and diffusion pores for 
analyte-stationary phase interactions. The organic-based monolithic columns are generally made of 
a mixture of monomers, crosslinkers, and porogens by radical polymerization, which is conducted 
directly within the confine of a capillary. These monolithic columns have excellent pH stability. In 
addition, porous size and distribution, as well as EOF and retentive properties, can be easily tailored 
by tuning the composition of the reaction mixture that can be composed of a variety of ionizable 
monomers, neutral reactants, and porogenic solvents at different percentage [242,243]. The main 
drawbacks of organic polymer–based monolithic columns are their limited mechanical strength, in 
addition to the presence of micropores that may negatively affect efficiency and sample recovery. 
Also challenging is their tendency either to swell or to shrink when exposed to different organic 
solvents, which can be incorporated into the mobile phase.

Silica-based monolithic CEC column can be prepared by a multistep approach involving the 
preparation of a silica monolithic skeleton attached to the capillary wall, which is first treated with 
an alkaline solution to leaching the micropores and then chemically modified with different silyla-
tion reagents for binding the functionalities requested to operate the column at different separa-
tion modes [244,245]. Alternatively, hybrid organic–inorganic monolithic CEC columns can be 
prepared by hydrolytic polycondensation of siloxane and organosiloxane precursors, in presence 
of an acid catalyst and a water-soluble polymer acting as porogen, by one step, in situ, sol-gel 
process under mild reaction conditions. In such monolithic stationary phases, an organic moiety 
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is covalently linked by a nonhydrolyzable Si–C bond to a siloxane specie, which hydrolyzes to 
produce a silica network [246]. The selection of proper sol-gel precursors allows the preparation of 
silica-based monoliths having ionizable groups and interaction sites that ensure the requested EOF 
and chromatographic behaviors [247]. Main advantages of silica-based monolithic columns are the 
high mechanical stability and the presence of surface silanol groups that provide reactive sides for 
the covalent bonding of an array of functional groups to generate stationary phases having different 
EOF characteristics and operating in a variety of separation modes.

Another alternative approach to packed capillaries are the so-called open-tubular columns 
consisting of a capillary tube whose inner surface is coated with a stationary which interacts 
with the analytes dissolved in the mobile phase transported by the EOF, as first reported by 
Tsuda et al. for the separation of aromatic compounds using an open silica capillary with octa-
decylsilane-bonded inner surface [248]. Theoretically, any possible ligand suitable to prepare 
stationary phases employed in liquid chromatography can be used to make capillary columns 
for open-tubular capillary electrochromatography (OT-CEC). Also, wide is the array of methods 
employed for surface modification and immobilization of the stationary phase, which include 
adsorption [249], covalent bonding of monomers (with or without cross-linking) [250,251] chem-
ical bonding after etching [250,252], grafting polymeric porous layer to the inner surface [253], 
chemical reactions by sol-gel processes [254], and coating the inner surface of the capillary with 
nanoparticles [255].

The most important advantages of open-tubular columns over packed capillary columns are 
common to those reported for monolithic columns, with additional merits arising from the possibil-
ity of preparing columns in the small internal diameter range of 20–25 μm, which may be requested 
in miniaturized analytical techniques. On the other hand, several drawbacks are typical of open-
tubular capillary columns, such as the low sample capacity, low phase ratio, and short optical path 
length for on-column UV-visible and fluorescence detection methods. Therefore, most of the dif-
ferent approaches cited above and recent innovations in developing novel column for OT-CEC have 
been mainly aimed at increasing the surface area of the bonded stationary phase, besides improving 
selectivity for a given separation problem.

The separation of uncharged compounds in CEC occurs as in HPLC due to their partitioning 
between the stationary and the mobile phases, with the only difference that the movement of the 
mobile phase through the column is propelled by electroosmosis in CEC and by a mechanic pump 
in HPLC. Consequently, the retention of uncharged analytes can be described by the chromato-
graphic retention factor, k, which is expressed by the well-known equation:
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where tR and t0 are the retention (migration) times of the uncharged analyte and of an unretained 
uncharged tracer, respectively.

More complex is the separation of charged analytes in CEC, which is the result of the inter-
play of chromatographic and electrophoretic processes that is considered in the definition of the 
electrochromatographic retention factor, or overall retention factor, kc, introduced by Rathore and 
Horváth [140]:

 k k kk kc e e  (6.54)

where
k is the chromatographic retention factor
ke is the electrophoretic velocity factor (see Equation 6.42) and the product kke reflects the simul-

taneous occurrence of chromatographic and electrophoretic separation processes
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It is worth noting that for uncharged compound ke is zero and the electrochromatographic 
 retention factor is equal to the retention factor defined by Equation 6.53.

The selectivity coefficient or separation factor, α, in CEC is given by the ratio of the electrochro-
matographic retention factors of the two analytes (1 and 2) migrating as adjacent peaks:
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where kc,1 and kc,2 are the electrochromatographic retention factors for the analytes 1 and 2, 
 respectively, with kc,2 > kc,1, such that α1,2 > 1.

The separation factor influences the degree of separation of two adjacent peaks, which is also 
affected by the number of the theoretical plates, according to the following equation:
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where k̄c is the average value of the electrochromatographic retention factors of the two adjacent 
peaks.

The limits of the electrochromatographic retention factor defined by Equation 6.54 are that both 
k and ke must be separately evaluated under specific experimental conditions used in CEC. These 
limitations can be avoided describing the retention of analytes in CEC by a peak locator that can be 
evaluated directly from the electrochromatogram as follows [256]:
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where tm and t0 are the migration times of the analyte and of a uncharged and chromatographi-
cally inert tracer, respectively. This peak locator is expressed in terms typical of retention factor in 
HPLC, as defined by Equation 6.53. However, in contrast to k in HPLC, kcc may exhibit negative 
values for charged analytes eluting prior to the marker. It is worth noting that identical resolution 
values are obtained using either kc or kcc, whereas the values of selectivity calculated using kc or 
kcc differ from each other due to the different definition of the peak locators, as given in Equations 
6.54 and 6.57.

A variant of CEC is pressurized capillary electrochromatography (pCEC), in which the mobile 
phase is propelled by both electroosmosis and pressurized flow generated by an HPLC pump 
[257,258]. The main advantage of pCEC is the possibility of regulating the flow rate independently 
by the applied voltage, which offers the opportunity to shortening the analysis time, in addition to 
minimizing the risk of bubble formation. Such advantages are obtained at the expense of column 
efficiency, which can be reduced as a consequence of the contribution to band broadening due to the 
parabolic flow profile produced by the mechanical pump [249]. Capillary electrochromatography is 
generally performed under isocratic elution mode due to technical difficulty to change the composi-
tion of the electrolyte solution at the inlet end of the CEC column, although examples of CEC under 
either step gradient or linear gradient elution mode have been reported, using appositively modified 
instruments [260–263].

6.5.7 CAPILLARY ISOTACHOPHORESIS

Capillary isotachophoresis (CITP) is an electromigration technique, which is performed using a 
discontinuous buffer system, formed by a leading electrolyte (LE) and a terminating electrolyte 
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(TE), containing a fast and a slow migrating component of like charge, respectively. The sample 
is introduced into the capillary filled with the leading electrolyte, which has higher electrophoretic 
mobility than any of the sample components to be separated. The terminating electrolyte, having 
electrophoretic mobility lower than any of the sample components, occupies the opposite reservoir. 
Therefore, the injected sample occupies a zone of the capillary column in between the leading elec-
trolyte and the terminating electrolyte. In each single ITP analysis, either cations or anions can be 
separated [264].

Highly mobile zones have high conductivity, and as a result, have a lower voltage drop across the 
band. On the other hand, low mobile zones have low conductivity and consequently a higher voltage 
drop across the band occurs. Therefore, the electric field varies in each zone that moves as a band. 
Since the velocity of migration is the product of the electrophoretic mobility and the electric field 
and conductivity and voltage drop are inversely proportional, the individual band velocities are self-
adjusting to a constant value. A consequence of the self-adjusting velocity of migration is that each 
band maintains very sharp boundaries with the neighboring faster and slower bands. Thus, if an ion 
diffuses into a neighboring zone, it will either speed up or slow down based on the field strength 
encountered and it returns to the original band. A schematic representation of the CITP separation 
process is depicted in Figure 6.12.

The main determining factor in CITP is the composition of the leading electrolyte and of the 
terminating electrolyte. To separate anions, for example, the LE must be an anion with electro-
phoretic mobility higher than that of each analyte, whereas the anion acting as TE must have an 
electrophoretic mobility lower than that of each analyte. When the electric potential is applied, 
the anionic components of sample, the LE and the TE start to migrate toward the anode. Since the 
leading anion has the highest electrophoretic mobility, it moves fastest, followed by the anion hav-
ing the next fastest mobility, which moves faster than the anion having the next fastest mobility, 
and so on. The result is that the sample components are separated according to the order of their 
electrophoretic mobility into distinct zones, which are sandwiched between the leading and the 
terminating electrolyte, forming a front and a rear zone, respectively [265]. The separated zones 
are surrounded by sharp electrical field differences and their profiles can be negatively affected 
by the EOF, which is usually regarded as undesirable in CITP, although well-separated bands can 
be obtained under favorable conditions, such as EOF and isotachophoretic velocities directed in 
the same direction [266,267]. The EOF is generally suppressed, either using a covalently coated 

T

(A)

(B)

(C)

L

Detection point

T L

T L

FIGURE 6.12 Schematic view of the CITP separation mechanism. The sample is introduced into the capil-
lary between two electrolyte systems: a leading electrolyte (L), having electrophoretic mobility higher than 
any of the sample components to be separated and a terminating electrolyte (T), having electrophoretic mobil-
ity lower than any of the sample components (A). The sample components are separated according to the order 
of their individual mobility into distinct zones, which are sandwiched between T and L (B). The separated 
zones move with the same velocity toward the capillary end where they are detected as bands (C).
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capillary or incorporating a suitable additive into the electrolyte solution, such as hydroxyethylcel-
lulose, methylcellulose, and linear polyacrylamide, which increase the viscosity of the BGE and, 
therefore, minimize the EOF.

Crucial factors that must be considered in selecting the suitable composition of the electrolyte 
solution for CITP of either cations or anions include the choice of the pH range, which determines 
the sufficient ionization of the ample components. Another important factor is the range of electro-
phoretic mobility spanned by the LE and the TE, which determines the so-called mobility window 
of potential analytes that can be analyzed using a given LE–TE system [268]. Since adjacent bands 
are in contact with each other, a marker substance (spacer) having a mobility value that falls in 
between the mobilities of two peaks that need to be resolved is generally added to the sample in 
order to improve resolution. When UV-visible detection is employed, the spacer is a non-adsorbing 
substance in order to facilitate the analyte detection, which is otherwise traditionally performed by 
monitoring the variations in conductivity, although other detection methods are also possible.

Capillary isotachophoresis is usually performed in constant current mode, which implies the 
invariable ratio between concentration and electrophoretic mobility of ions. Therefore, bands that 
are less concentrated than the LE are sharpened, whereas those that are more concentrated than the 
LE are broadened to adapt their concentration to the requested constant value between concentra-
tion and electrophoretic mobility. The consequence of this unique property of CITP is that each 
sample component can be concentrated to an extent that depends on its initial concentration and 
the concentration of the leading electrolyte. Therefore, the opportune selection of composition and 
concentration of the leading electrolyte allows the enrichment of diluted analytes.

Sample enrichment techniques based on a transient isotachophoresis step performed in the 
capillary prior to start the selected electromigration method are widely employed. The transient 
isotachophoretic step is carried out by incorporating a high concentration of the leading and/or 
terminating electrolyte in either the sample or the BGE. According to this technique, relatively 
large volumes of samples introduced into the capillary can be concentrated in the isotachophoresis 
step by stacking the analytes in a very sharp zone [269–273]. Sample preconcentration can also be 
performed by coupling two capillary columns [274–276]. According to this approach, the sample 
migrates between a LE and a TE in the first capillary where it is concentrated by CITP, whereas in 
the second capillary, which is on-line connected with the exit of the first one, the analysis continues 
in another electromigration separation mode.
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 189. M. Horká, F. Růzička, Anal. Bioanal. Chem. 385, 840–846, 2006.
 190. A. Palm, M. Zaragoza-Sundqvist, G. Marko-Varga, J. Sep. Sci. 27, 124–128, 2004.
 191. P. G. Righetti, A. Bossi, C. Gelfi, J. Capillary Electrophor. 2, 47–59, 1997.
 192. W. Thormann, J. Caslavska, R. A. Mosher, J. Chromatogr. A 1155, 154–163, 2007.
 193. P. Lopez-Soto-Yarritu, J. C. Díez-Masa, A. Cifuentes, M. de Frutos, J. Chromatogr. A 968, 221–228, 

2002.
 194. J. R. Mazzeo, I. S. Krull, Anal. Chem. 63, 2852–2857, 1991.
 195. J. Wu, J. Pawliszyn, Anal. Chem. 64, 224–227, 1992.
 196. X.-Z. Wu, N. S.-K. Sze, J. Pawliszyn, Electrophoresis 22, 3968–3971, 2001.
 197. X.-Z. Wu, T. Huang, Z. Liu, J. Pawliszyn, Trends Anal. Chem. 24, 369–382, 2005.
 198. J. Wu, C. Tragas, A. Watson, J. Pawliszyn, Anal. Chim. Acta 383, 67–78, 1999.
 199. X. Fang, C. Tragas, J. Wu, Q. Mao, J. Pawliszyn, Electrophoresis 19, 2290–2295, 1998.
 200. H. Stutz, Electrophoresis 26, 1254–1290, 2005.
 201. F. Foret, O. Muller, J. Thorne, W. Gotznger, B. L. Carger, J. Chromatogr. A 716, 157–166, 1995.
 202. J. Pawliszyn, J. Wu, J. Microcol. Sep. 5, 397–401, 1993.
 203. T. Huang, J. Pawliszyn, Electrophoresis 23, 3504–3510, 2002.
 204. R. Montgomery, X. Jia, L. Tolley, Anal. Chem. 78, 6511–6518, 2006.
 205. C. Yang, G. Zhu, L. Zhang, W. Zhang, Y. Zhang, Electrophoresis 25, 1729–1734, 2004.
 206. S. Terabe, K. Otsuka, K. Ichikawa, A. Tsuchiya, T. Ando, Anal. Chem. 56, 111–113, 1984.
 207. S. Terabe, M. Shibata, Y. Miyashita, J. Chromatogr. 480, 403–411, 1989.
 208. A. Dobashi, T. Ono, S. Hara, J. Yamaguchi, Anal. Chem. 61, 1984–1986, 1989.
 209. S. Terabe, K. Otsuka, T. Ando, Anal. Chem. 57, 834–841, 1985.
 210. G. Guiochon. Optimization in liquid chromatography, in C. Horváth (Ed.) High-Performance Liquid 

Chromatography. Academic Press, New York, 1980, pp. 1–56.
 211. P. Gareil, Chromatographia 30, 195–200, 1990.
 212. H. Corstjens, H. A. H. Billiet, J. Frank, K. Ch. M. Luyben, J. Chromatogr. A 753, 121–131, 1996.
 213. K. Otsuka, S. Terabe, T. Ando, J. Chromatogr. 348, 39–47, 1985.
 214. P. G. H. M. Muijselaar, H. A. Classens, C. A. Cramers, J. F. G. A. Jansen, E. W. Meijer, E. M. M. de 

Brabander-van den Berg, S. van der Wal, J. High Resolut. Chromatogr. 18, 121–123, 1995.
 215. C. Fujimoto, Y. Muranaka, J. High Resolut. Chromatogr. 20, 400–402, 1997.
 216. P. Viberg, M. Jornten-Karlsson, P. Petersson, P. Spegel, S. Nilsson, Anal. Chem. 74, 4595–4601, 2002.
 217. P. Spegel, L. Schweitz, S. Nilsson, Anal. Chem. 75, 6608–6613, 2003.
 218. U. Sharma, S. Sharma, Int. J. Pharm. 154, 123–140, 1997.
 219. M. N. Jones, Adv. Colloid Interface Sci. 54, 93–128, 1995.
 220. Y. Zhang, R. Zhang, S. Hjerten, P. Lundahl, Electrophoresis 16, 1519–1523, 1995.
 221. D. Corradini, G. Mancini, C. Bello, Chromatographia 60, S125–S132, 2004.
 222. D. Corradini, G. Mancini, C. Bello, J. Chromatogr. A 1051, 103–110, 2004.
 223. N. Griese, G. Blaschke, J. Boos, G. Hempel, J. Chromatogr. A 979, 379–388, 2002.
 224. S. Luedtke, Th. Adam, N. von Doehren, K. K. Unger, J. Chromatogr. A 887, 339–346, 2000.
 225. V. Preotorius, B. Hopkins, J. Chromatogr. 99, 23–30, 1974.
 226. J. Jorgenson, K. D. Lukacs, J. Chromatogr. 218, 209–216, 1981.
 227. S. Zhang, X. Huang, N. Yao, Cs. Horváth, J. Chromatogr. A 948, 193–201, 2002.
 228. L. A. Colon, T. D. Maloney, A. M. Fermier, J. Chromatogr. A 887, 43–53, 2000.
 229. F. Lynen, A. Buica, A. de Villiers, A. Crouch, P. Sandra, J. Sep. Sci. 28, 1539–1549, 2005.



206 Handbook of HPLC

 230. M. M. Robson, S. Roulin, S. M. Shariff, M. W. Raynor, K. D. Bartle, A. A. Clifford, E. Myers, M. R. 
Euerby, C. M. Johnson, Chromatographia 43, 313–321, 1996.

 231. C. Yan, U.S. Patent 5,453,163, September 26, 1995.
 232. A. M. Fermier, L. A. Colon, J. Microcol. Sep. 10, 439–447, 1998.
 233. T. D. Maloney, L. A. Colon, Electrophoresis 20, 2360–2365, 1999.
 234. R. Stol, M. Mazereeuw, U. R. Tjaden, J. van der Greef, J. Chromatogr. A 873, 293–298, 2000.
 235. K. J. Reynolds, L. A. Colon, Analyst 123, 1493–1495, 1998.
 236. H. Rebscher, U. Pyell, Chromatographia 42, 171–176, 1996.
 237. H. J. Cortes, C. D. Pfeiffer, B. E. Richter, T. S. Stevens, J. High Resolut. Chromatogr. Chromatogr. 

Commun. 10, 446–448, 1987.
 238. G. A. Lord, D. B. Gordon, P. Myers, B. W. King, J. Chromatogr. A 768, 9–16, 1997.
 239. G. Choudhary, Cs. Horváth, J. F. Banks, J. Chromatogr. A 828, 469–480, 1998.
 240. M. E. R. Hows, D. Perrett, Chromatographia 43, 200–204, 1996.
 241. M. Mayer, E. Rapp, C. Marck, G. J. M. Bruin, Electrophoresis 20, 43–49, 1999.
 242. C. Fujimoto, Anal. Chem. 67, 2050–2053, 1995.
 243. I. Gusev, X. Huang, Cs. Horváth, J. Chromatogr. A 855, 273–290, 1999.
 244. N. Ishizuka, H. Minakuchi, K. Nakanishi, N. Soga, H. Nagayama, K. Hosoya, N. Tanaka, Anal. Chem. 

72, 1275–1280, 2000.
 245. D. Allen, Z. El Rassi, Electrophoresis 24, 408–420, 2003.
 246. M. T. Dulay, J. P. Quirino, B. D. Bennett, M. Kato, R. N. Zare, Anal. Chem. 73, 3921–3926, 2001.
 247. G. Ding, Z. Da, R. Yuan, J. J. Bao, Electrophoresis 27, 3363–3372, 2006.
 248. T. Tsuda, K. Nomura, G. Nakagawa, J. Chromatogr. 248, 241–247, 1982.
 249. Z. Liu, H. Zou, M. Ye, J. I. Ni, Y. Zhang, Electrophoresis 14, 2891–2897, 1999.
 250. J. J. Pesek, M. T. Matyska, S. Cho, J. Chromatogr. A 845, 237–246, 1999.
 251. J. J. Pesek, M. T. Matyska, S. Sentellas, M. T. Galceran, M. Chiari, G. Pirri, Electrophoresis 23, 2982–

2989, 2002.
 252. Z. J. Tan, V. T. Remcho, Anal. Chem. 69, 581–586, 1997.
 253. X. Huang, J. Zhang, Cs. Horváth, J. Chromatogr. A 858, 91–101, 1999.
 254. Y. Guo, L. A. Colon, Anal. Chem. 67, 2511–2516, 1995.
 255. M. C. Breadmore, M. Macka, N. Avdalovic, P. R. Haddad, Analyst 125, 1235–1241, 2000.
 256. A. S. Rathore, Cs. Horváth, Electrophoresis 23, 1211–1216, 2002.
 257. T. Tsuda, Anal. Chem. 59, 521–523, 1987.
 258. Z. Lin, Z. Xie, H. Lü, X. Lin, X. Wu, G. Chen, Anal. Chem. 78, 5322–5328, 2006.
 259. P. Gfrörer, L.-H. Tseng, E. Rapp, K. Albert, E. Bayer, Anal. Chem. 73, 3234–3239, 2001.
 260. C. Yan, R. Dadoo, R. N. Zare, Anal. Chem. 68, 2726–2730, 1996.
 261. C. G. Huber, G. Choudhari, Cs. Horváth, Anal. Chem. 69, 4429–4436, 1997.
 262. G. Choudhary, Cs. Horváth, J. F. Banks, J. Chromatogr. A 828, 469–480, 1998.
 263. Q.-H. Ru, J. Yao, G.-A. Luo, Y.-X. Zhang, C. Yan, J. Chromatogr. A 894, 337–343, 2000.
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a b s t r a c t

The background electrolyte solution (BGE) has a strong impact on the separation performance of pep-
tides and proteins in all separation techniques governed by electrophoretic principles, due to its
considerable influence on the separation mechanism and on the physicochemical properties of both the
sample and the inner surface of the separation device, which mostly consists of a fused-silica capillary
tube. This review article examines and discusses the effects of composition and pH of BGE on the
electrokinetic phenomena taking place at the solid liquid interface within fused-silica capillaries,
generating the electroosmotic flow (EOF), and on the separation performance of peptides and proteins in
capillary zone electrophoresis (CZE), which is the most used separation mode of capillary electrophoresis
for these biopolymers. The paper reviews and discusses literature relevant to explain how pH, ionic
strength, conductivity and composition of BGE employed in peptide and protein CZE influence efficiency,
selectivity and resolution and other factors affecting the performance of separation, including the
electroosmotic flow. Also examined and discussed is the compatibility of BGE composition with the
ionization sources employed for the on-line hyphenation of peptides and proteins CZE with mass
spectrometry and with the two most popular on-line preconcentration methods field-amplified sample
stacking (FASS) and dynamic pH junction.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Capillary electrophoresis (CE) is a microscale separation tech-
nique based on the differential migration velocity of the analytes in
a conductivemedium under the action of an electric field (E field). It
is widely employed for chemical characterization and routine
analysis of therapeutic peptides and proteins, for the investigation
of the molecular bases of biological processes and for peptidomics
and proteomics studies [1e4]. The technique can be performed
according to a variety of modes with different separation mecha-
nisms that can be selected by changing the operational conditions,
mainly type and composition of the background electrolyte solu-
tion (BGE) [5,6].

The BGE is filled either in capillary tubes or in micro-channels
fabricated on plates of reduced dimensions, communally referred
to as microfluid chips [7]. Characteristic feature of CE is the possible
occurrence of an electrically driven flow of BGE across the sepa-
ration pathway, the electroosmotic flow (EOF), which is generated

by the action of the E field on the electric double layer formed at the
interface between the conducting electrolyte solution and the
charged surface of either the capillary column or the microfluid
chip in contact with the liquid (see Fig. 1).

Capillary tubes and microchannels enable the application of
high electric fields with minimal generation of Joule heat, which is
efficiently dissipated by transfer through the wall of these separa-
tion devices as a result of their large surface-to-volume ratio.
Moreover, the microscale format minimizes the convective mixing
of the separated zone in the BGE, ensuring high efficiency and
resolution, especially for large molecules having small diffusion
coefficients. Besides high resolution and efficiency, small sample
amount requirement, short analysis time and high throughput are
the major common advantages of all CE separation modes. Addi-
tional advantages include the use of small amounts of chemicals,
reduced waste, automation, and the use of a wide range of detec-
tion methods, which include UV, mass spectrometry, fluorescence,
and capacitively coupled contactless conductivity detection, among
others [8,9]. Possible drawbacks include poor repeatability/repro-
ducibility of the low sample volumes introduced into the separa-
tion device (in nanoliter range), low sensitivity of UV detection,
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fluctuant EOF, and poor migration time repeatability. Further un-
desirable features are loss of sample and compromission of sepa-
ration efficiency ascribable to the interactions of the analytes with
the inner surface of microfluid chips or capillary columns. The
proper selection of the components of BGE is fundamental to
minimize several of the mentioned drawbacks, and to optimize
selectivity and separation performance [10,11].

Capillary zone electrophoresis (CZE) is generally performed in
capillary columns, using BGE of uniform composition along the
separation path and applying a constant E field across the capillary
length. The separation mechanism is based on differences in the
electrophoretic mobilities of the charged analytes and, therefore,
on their charge-to-hydrodynamic radius ratio [5]. Based on the
consideration that CZE is the most used separation mode for pep-
tides and proteins capillary electrophoresis, this review article ex-
amines the effects of buffering agents and additives incorporated
into the BGE on EOF and separation performance of these analytes
in CZE. The paper reviews and discusses literature relevant to
elucidate the effects of chemical composition, ionic strength, pH,
buffering capacity, and electric conductivity of the BGE used in CZE
on both EOF and electrophoretic behaviour of peptides and pro-
teins, including their interactions with the inner surface of both
bare and coated fused-silica capillary columns. Also discussed are
the requirements for the selection of buffering agents and additives
compatible with the hyphenation of CZE with mass spectrometry
and with the on-line preconcentration methods, widely employed
to increase the number of detectable peptides and proteins occur-
ring in diluted samples.

2. Control of the protonic equilibrium

The electrophoretic mobility of peptides and proteins in a
conductive medium is influenced by all factors that affect their
charge to size ratio and, therefore, by pH and composition of BGE.
The changes in the composition and pH of BGE due to electrolysis,
frequently taking place in the electrode compartments during the
electrophoretic separation, have been extensively investigated and
only a selected number of relevant papers covering this subject are
herewith cited [12e16]. As a result of electrolysis and production of
hydroxonium and hydroxide ions, the pH of BGE on the cathodic
side tends to increase while the BGE on the anodic side tends to

become more acidic, originating a pH gradient within the capillary
tube, which is expected to affect the electrophoretic mobility of the
analytes and, to aminor extent, the zeta potential at the solid-liquid
interface and, consequently, the electroosmotic flow. Moreover, the
altered BGE can be propagate throughout the capillary by EOF and
affect the electrophoretic mobility of the analytes, particularly in
longer electrophoretic runs [12].

Practical methods proposed to minimize the negative effects of
electrolysis include the use of BGEs with high buffering capacity
and low electric conductivity, such as zwitterionic organic buffers.
Also recommended has been the use of BGE reservoirs of relatively
large volume and having the electrodes located at the greatest
distance from the inlets of the capillaries. This in order to ensure
the dilution of the products of the redox reaction and to prevent
their propagation into the capillary column. The replacement of the
BGE with a new one before starting each separation has been rec-
ommended too [15]. Also proposed has been the use of a salt bridge
to isolate the electrolysis region, as well as the use of electrolysis-
separated systems constructed by splitting each of the original
reservoirs into two compartments with a salt bridge between them
[16].

Recently, Novotný and Ga�s [12] proposed a theoretical model for
quantifying the variations in composition, pH, and conductivity of
BGE caused by redox reactions occurring at the electrode com-
partments. The model considered electromigration and EOF in the
separation capillary and the redox reactions of the BGE in the
electrode compartments. The BGE consisted of either formic acid-
ammonium formate or MES-histidine solution (Good's buffer),
which were used to fill both the electrode compartments and the
capillary. The pH of BGE in the cathodic and anodic compartments
and the conductivity in the separation capillary were experimen-
tally measured by a pH-microelectrode and by a contactless con-
ductivity detector, respectively. The experimental data, measured
before and after 1h electrophoretic run, were in good agreement
with those theoretically calculated. As predicted by the theoretical
model, the variations of pH and conductivity measured with the
Good's buffer were much lower than those measured with
ammonium formate, composed of a weak acid-strong base pair,
confirming the advantages of using BGEs with a high buffering
capacity and low specific conductivity, as it is generally recom-
mended [15].

Abbreviations

[bmim][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate
[emim][BF4] 1-Ethyl-3-methylimidazolium tetrafluoroborate
BGE Background electrolyte solution
Bis-Tris 1,3-Bis[tris(hydroxymethyl)methylamino]
CA Carrier ampholytes
CE Capillary electrophoresis
CHES 2-(Cyclohexylamino)ethanesulfonic acid
CMAs Critical method attributes
CMVs Critical method variables
CZE Capillary zone electrophoresis
DIEN Diethylenetriamine
DMA N,N-Dimethylacetamide
DMF N,N-Dimethylformamide
DoE Design of experiment
E field Electric field
EOF Electroosmotic flow
ESI Electrospray ionization
FASS Field-amplified sample stacking

GnRH Human gonadotropin-releasing hormone
HPLC High performance liquid chromatography
HP-b-CD 2-Hydroxypropyl-b-cyclodextrin
I Ionic strength
IEF Isoelectric focusing
IgG1 Immunoglobulin G1
IL Ionic liquids
MS Mass spectrometry
NACE Nonaqueous capillary electrophoresis
OFAT One factor at time
PAMAPTAC Poly(acrylamide-co-(3- acrylamidopropyl)

trimethylammonium chloride
pI Isoelectric point
TEA Triethanolamine
TETA Triethylentetramine
Tris Tris(hydroxymethyl)aminomethane
UV Ultraviolet
WCID Whole column imaging detection
b-CD b-Cyclodextrin
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In another study, whole column imaging detection (WCID) was
employed to monitor the variations of migration velocity of
selected analytes (proteins and pI-standards) across a coated
capillary during the electrophoretic run, caused by the redox re-
actions at the electrode compartments [13]. The impact of elec-
trolysis on the migration behavior of the analytes was evidenced by

the non-constant migration velocity of the analytes during the
electrophoretic run, which was larger for BGE with lower buffering
capacity, especially at pH value closer to the pH region where the
ionization of the analyte changes highly with pH. The study
confirmed the superiority of zwitterionic buffers, in comparison to
traditional ones (phosphate and borate buffers) at contrasting the
negative effects of prolonged electrolysis in the BGE vessels.

Zwitterionic compounds possessing at least two of the pKa
constants close to their pI exhibit high buffering capacity and low
mobility, resulting in low electric current during the electropho-
retic separation. These buffering agents have been employed in
peptide and protein capillary electrophoresis, since its pioneering
applications [17]. The low conductivity of zwitterionic buffers al-
lows their incorporation into BGE at high concentration, increasing
the buffer capacity while limiting the electric charges passing
throughout the separation channel, whichminimize the generation
of Joule heat. On the other hand, the low UV-transparency of
zwitterionic buffers limits their use at high concentration in
capillary electrophoresis with UV detection. This requirement does
not apply with other common no UV detection methods, such as
laser induced fluorescent [10] or contactless conductivity detection
[18].

Several studies have evidenced the strong impact of buffer
concentration and ionic strength (I) on the factors influencing the
separation performance of peptides and proteins in capillary elec-
trophoresis [11,19]. These include EOF and electrophoretic mobility
of the analytes (both decreasing with increasing I), analysis time
(longer at higher I), electrostatic interactions with the capillary
wall, if any (weaker at higher I), and the production of heating by
Joule's effect (increasing with increasing I). Also considered should
be the distortion of the mobile ion atmosphere around the analytes
(relaxion effect) accompanying the binding of BGE anions to pep-
tides and proteins [20]. Each of these factors affect the separation
performance to different extents that depend on the physico-
chemical properties of the separated peptides and proteins (pI,
molecular mass, net-charge, etc.), type of the capillary column
(bare or coated fused-silica), and operational conditions (pH and
composition of BGE, temperature, applied E field, length and
diameter of the capillary, etc.).

The results of two relatively recent studies on the influence of
composition and ionic strength of BGE on the separation perfor-
mance of various peptides and proteins, in either coated or un-
coated capillary, are explanatory examples of the different optimal
conditions requested for the separation of peptides and proteins
under diverse experimental conditions [10,11]. Morani et al. [10]
recommended to use the low conductivity zwitterionic buffer Tris/
CHES (pH 8.4) at high concentration for the efficient and selective
separation of fluorescently labelled amyloid beta peptide Ab 1e42,
trypsin inhibitor and ovalbumin, performed in a bare fused-silica
capillary.

Conversely, the results of the study conducted by Bekri and co-
workers [11] evidenced that the use of BGE having relatively low
ionic strength was preferable to optimize the separation of stan-
dard proteins by CZE in counter-electroosmotic mode with either
acetate or formate buffers as the BGE. The studywas carried out in a
successivemulti-ionic layer coated capillary, using BGEs at constant
pH 2.5 and different values of the ionic strength, which was ranging
from 3.1 to 51.1 mM and from 3.4 to 76.6 mM for acetate and
formate buffer, respectively.

Amphoteric compounds, having very low electric conductivity
and relatively high buffering capacity, originally designed for iso-
electric focusing (IEF) and referred to as carrier ampholytes (CA),
have been proposed as potential buffers in CZE [21]. Their use as
low conductivity buffers requires the previous fractionations of the
CA solution in portions having narrow pH spreading. Busnel et al.

Fig. 1. Graphical representation of the electric double layer at solid-liquid interface of a
bare fused silica capillary and decay of the electric potential with distance from the
capillary wall. The charge density at the capillary wall and in the Stern and diffuse
regions of the electric double layer is indicated as sW, sS, and sD, respectively.
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[22] tested 25 fractions of a wide pH range (pH 3e10) CA solution,
obtained by preparative IEF, providing the suitability of some of
them for the efficient and fast separation of the nine components of
a protein test mixture. The extremely low electric conductivity of
the tested ampholyte-based buffers allowed the application of high
electric field strength (up to 1000 V/cm), resulting in short analysis
time (about 90 s) and negligible Joule heat. Similar results were
shown by Solinova et al. [23] who reported the efficient CZE sep-
aration of oligopeptide fragments of human gonadotropin-
releasing hormone (GnRH), obtained in a bare fused-silica capil-
lary under very high electric field strength (800 V/cm).

Isoelectric buffers and aliphatic oligoamines are other examples
of the variety of low conductivity buffers employed in peptide and
protein CZE. Several of these compounds act as dynamic coating
agents and buffer simultaneously. A practical example are the
aliphatic oligoamines triethylentetramine (TETA) [24] and dieth-
ylenetriamine (DIEN) [25], which, in combination with the poly-
protic phosphoric acid, display an appreciable buffer capacity in a
wide pH range while controlling EOF and minimizing the in-
teractions of peptides and proteins with the capillary wall.

3. Suppression of the interactions with the capillary wall and
control of EOF

The surface of bare fused-silica capillaries, as well as that of glass
and synthetic organic polymers employed to construct microfluid
chips, may acquire superficial negative charges that originate
cathodic EOF and promote electrostatic interactions with positively
charged peptides and proteins. The EOF is proportional to the in-
tensity of the applied electric field, depends on both the surface
chemistry of the separation channel and the physicochemical
properties of BGE, and may either positively or negatively affect
migration behavior and electrophoretic performance of the
analytes.

Particularly detrimental for the separation performance of
peptides and proteins are the interactions of these analytes with
the inner surface of the separation device. Using bare fused-silica
capillaries, peptides and proteins may interact with a variety of
active sites occurring on their inner surface exposed to the BGE,
which comprise inert siloxane bridges, hydrogen bonding sites and
different types of ionizable silanol groups (vicinal, geminal, and
isolated) [26]. These interactions are expected to cause peak
broadening and asymmetry, irreproducible migration times, low
mass recovery, and, in some cases, irreversible adsorption. The
most popular methods employed to control direction and velocity
of EOF and to minimize the untoward interactions of peptides and
proteins with the capillary wall is coating the inner surface of the
capillary tube, either by permanent or dynamic processes [2,27].
Common alternative approaches include the use of electrolyte so-
lutions at the extreme of the pH scale and/or at increased ionic
strength, either using concentrated buffers or incorporating a
suitable additive into the BGE.

Permanent and dynamic coatings have the effect of deactivating
the original interacting groups on the inner wall of the separation
channel by either converting them to inert hydrophilic moieties or
shielding them with the coating material. Recent advancements
and emerging trends in capillary coatings, both covalently bonded
and either permanently or reversibly adsorbed, have been recently
illustrated and discussed [2,27e31] and are not reviewed in this
paper. However, it is worth noting that a variety of untoward in-
teractions, including hydrogen-bonding and hydrophobic in-
teractions, may also occur in capillaries coated with non-charged
material, leading to poor separation performance. Therefore, also
for coated capillaries, either neutral or charged, the influence of pH,
ionic strength and BGE composition on potential interactions of

peptides and proteins with the capillary wall must be considered.
The effect of ionic strength on EOF of coated capillaries was

recently reported for fused-silica capillaries covalently modified by
the cationic copolymer poly(acrylamide-co-(3-acrylamidopropyl)
trimethylammonium chloride) (PAMAPTAC), containing variable
ratios of the charged monomer and displaying anodic EOF [30]. The
study was carried out with BGEs consisting of sodium phosphate
buffer (pH 2.5) at various concentrations, ranging from 10 to
100 mM. The electroosmotic flow decreased with increasing ionic
strength, in accordance with the theoretical prediction that EOF is
inversely proportional to the square route of ionic strength (Gouy-
Chapman-Stern-Grahame model of the electric double layer) [5,6].
Similar results were reported for a noncovalently bounded coating
designed to provide a low to moderate EOF and used for CZE
analysis of peptides with mass spectrometric detection [31]. The
influence of ionic strength on EOF was investigated using BGEs
consisting of 3:1 (v/v) acetic acid-formic acid mixtures, each at
concentration either 1 M or 2 M. As expected, lower EOF was
observed with the BGE at higher ionic strength.

Suppression of EOF and prevention of wall adsorption are also
performed by incorporating a suitable additive into the electrolyte
solution. These additives may act either as masking or competing
agents for the silanol groups on the inner wall of bare fused-silica
capillaries, avoiding their availability for electrostatic interactions
with positively charged proteins and peptides, while affecting the
zeta potential at the solid-liquid interface and altering EOF. Com-
pounds with such properties fall into the family of dynamic coating
agents that have been discusses in previous review articles [2,27].
Others additives may function as ion-pairing or competing agents
for the basic amino acid moieties of the peptides and proteins
exposed to BGE, subtracting their availability for the untoward in-
teractions with the capillary wall [32]. Most of these additives also
affect selectivity and resolution, as it is discussed in section 4.

4. Enhancement of selectivity and resolution

Selectivity in CZE depends on differences in the electrophoretic
mobility of the analytes and, consequently, on their effective
charge-to-hydrodynamic radius ratio. Therefore, the selective
separation of peptides and proteins is affected by factors that in-
fluence their electrophoretic mobility. They include temperature,
pH and composition of BGE, and the interactions of the analyzed
biomolecules with the sample matrix, the capillary wall and the
components of BGE (see Fig. 2). These parameters, also influence
efficiency and EOF, which is expected to improve resolution by
strengthening the effect of the differences in the electrophoretic
mobility of the analyzed peptides and proteins.

Fig. 2. Schematic representation of the interactions occurring between the compo-
nents of BGE and the analytes inside a bare fused-silica capillary column.
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Besides buffering agents and the variety of compounds that are
employed for the dynamic capillary wall coatings [27], a variety of
chemicals have been proposed as additives of BGE to enhance
selectivity and resolution in peptide and proteins CZE [33,34].
Among them, ionic liquids (IL), diluted in aqueous solutions and no
used as pure solvents, have received increasing interest as both
dynamic coating agents and BGE additives to enhance selectivity
and resolution in CZE [35,36].

The ionic liquids 1-ethyl-3-methylimidazolium tetra-
fluoroborate ([emim][BF4]) and 1-butyl-3-methylimidazolium tet-
rafluoroborate ([bmim][BF4]) were recently used as dynamic
coating agents and as BGE components for the separation of the
standard proteins cytochrome c, lysozyme, myoglobin, trypsin, and
apo-transferrin, as well as for the separation of proteins in real
biological samples (chicken egg white and human tears) [37]. The
study evidenced the reversal of the direction of EOF from cathodic
to anodic, indicative of the adsorption onto the capillary wall of the
cationic constituent of IL, and a significant contribution of [emim]
[BF4] and [bmim][BF4] to separation performance and selectivity
that the authors attributed to electrostatic and hydrogen bond in-
teractions between proteins and the ionic-liquid components.

Similar results were obtained by Jiang et al. [38] who reported
the separation of basic proteins in fused silica capillaries dynami-
cally coatedwith 1-alkyl-3-methylimidazolium-based ionic liquids,
whose aqueous solutions, at concentration ranging from 30 to
110 mM, were also used as BGE. Under these conditions, the di-
rection of EOF was reversed from cathodic to anodic and the
observed efficient separation of proteins was attributed to the
electrostatic repulsion of the positively charged proteins by the
positively charged capillary wall, without excluding the occurrence
of non-electrostatic interactions of the analytes with the IL, either
in solution or adsorbed onto the capillary wall.

In another study, bare fused silica capillaries dynamically coated
with three 1-alkyl-3-methylimidazolium tetrafluoroborate ionic
liquids, differing from each other by the length of the alkyl group on
the imidazolium cation, were employed for the co-electroosmotic
separation of basic model proteins using acetate buffer solutions
at pH 4.0 as the BGE, either without or with the incorporation of the
IL at concentrations ranging from 0.2 to 6.0 mM [39]. The ionic
strength of BGE was maintained at a constant value in all experi-
ments in order to level off its contribution to both EOF and elec-
trophoretic mobility of proteins. IL-coated capillaries exhibited
lower (but still cathodic) EOF and better protein peak shape than
that observed with the bare fused-silica capillary. Upon incorpo-
rating the IL into BGE, peak shape and resolution varied to different
extents depending on type and concentration of IL. The observed
different variations of resolution and peak shape were attributed to
a combination of selective electrostatic and hydrophobic in-
teractions between the proteins and the three 1-alkyl-3-
methylimidazolium ionic liquids, which appeared to be influ-
enced by the length and, consequently, by the hydrophobicity of
the alkyl chain bonded to the imidazolium ring of the different ILs.

Guo et al. [40] reported the successful separation of basic pro-
teins in a bare fused-silica capillary using the ionic liquid N-methyl-
2-pyrrolidonium methyl sulfonate as an additive incorporated at
low concentration (0.02%, w/v) into the BGE, consisting of 40 mM
Na2HPO4eH3PO4 solution at pH 4.0. The study evaluated the
dependence of separation performance on concentration and pH of
the phosphate-based BGE, which were varied within the ranges
20e50 mM and pH 2.0e6.0, respectively. It was concluded that the
ionic liquid established both hydrogen bonding and electrostatic
interactions with the capillary wall, whereas hydrogen bonding,
ion-dipole/ion-induced-dipole, and hydrophobic interactions were
hypnotized to occur between proteins and ionic liquid, with the
result of influencing selectivity and resolution.

The synergistic effect of chiral ionic liquids composed of tet-
raalkylammonium ions and the amino acids Asn, Asp or Pro on the
enantio-separations of dipeptides in capillary electrophoresis,
mediated by b-cyclodextrin (b-CD) and 2-hydroxypropyl-b-cyclo-
dextrin (HP-b-CD) was recently investigated too [41]. The study
evidenced that the incorporation of an amino acid-derived chiral
ionic liquid into the BGE containing either b-CD or HP- b-CD at pH
2.5 and 3.5 led to a concentration-dependent increase in the res-
olution of the dipeptide enantiomers.

Other studies have investigated the contribution to selectivity
and resolution given by either the cationic or the anionic compo-
nent of the buffer, as a consequence of their interactions with
peptides and proteins, in addition to their effect on EOF. The
dependence of EOF and separation performance on borate buffer,
containing as the counterion a basic polyol, such as tris(hydrox-
ymethyl)aminomethane (Tris) or 1,3-bis(tris(hydroxymethyl)
methylamino)propane (Bis-Tris propane), was recently described
by Dolnik [34]. The study attributed the observed variations of EOF
to the strong interactions of boric acids with both the inner surface
of bare fused-silica capillaries and the basic polyol counterions.
Borate ions were also expected to interact with the carbohydrate
moieties of ovalbumin isoforms, which were separated into at least
five major peaks using 200 mM Bis-Tris propane and 400 mM boric
acid (pH 7.2) as the BGE.

An example of how apparently slight dissimilarities in the BGE
composition can have a strong impact on EOF and separation per-
formance is depicted by the CZE separation of protein tryptic di-
gests obtained with two tetraborate-based buffers, in which either
sodium or barium was the counterion [42]. This study, carried out
at alkaline pH, evidenced that tetraborate buffer, in which the
typical sodium counterion was replaced by barium, caused the
reversal of the EOF from cathodic to anodic. This effect was ascribed
to the binding of barium cations to ionized silanol groups, with
consequent variation of zeta potential and inhibition of peptide
adsorption onto the capillary wall, evidenced by their sharp and
symmetric peaks.

The dependence of electrophoretic behavior of basic proteins
and closely related decapeptides on the anionic component of
buffers was investigated using a polyacrylamide coated fused-silica
capillary (suppressed EOF) and, as BGE, three low conductivity
buffers consisting of the aliphatic tetramine triethylenetetramine
(TETA) as the common cation, and either phosphate or perchlorate
or citrate as the different negatively charged counterion [24]. All
buffers used as BGE were prepared at pH 4.0 with same concen-
tration (50 mM) and ionic strength (136 mM). The occurrence of
selective interactions between the analytes and the buffer anions
was evidenced by remarkable differences in the migration times
and migration order, which were ascribed to specific interactions
between the analytes and either the phosphate, perchlorate, or
citrate ions, such as ion-pair formation. Discriminating interactions
were also described for other anionic components of low con-
ductively buffers, such as formic, acetic, and trifluoroacetic acid
[43] and for additives incorporated into the BGE to enhance
selectivity, which, among other, included cyclodexitrins [44], ion-
pairing agents [45], and aprotic-dipolar solvents (N,N-dimethyla-
cetamide and N,N-dimethylformamide) [46].

5. Compatibility with mass spectrometry

Mass spectrometry plays a fundamental role in the character-
ization of therapeutic and diagnostic peptides and proteins and in
peptidomics and proteomics studies [47]. Hence, an additional
aspect to be considered in selecting the proper composition of BGE
is its compatibility with the ionization sources employed for the
online hyphenation of capillary zone electrophoresis with mass
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spectrometry (CZE-MS), generally performed using electrospray
ionization (ESI) with either sheathless flow interface or sheath flow
interface, which complete the electrical circuit for CZE separation
and provide voltage for ESI [48,49].

Technical aspects and pros and cons of sheath flow and
sheathless interfaces have been illustrated and discussed in several
review articles [50,51]. It is worthy of attention the sample dilution
occurring in the sheath flow interface due to the addition of the
sheath liquid, causing a potential loss in sensitivity, which is the
main disadvantage of this interface. However, this drawback is
compensated by the possibility of improving both spray and ioni-
zation processes by the proper selection of the sheath liquid. On the
other hand, in the sheathless interface no-sample dilution occurs,
as the BGE is the only liquid in the system involved in the separa-
tion, vaporization and ionization of the analytes. Therefore, in this
interface spray properties and sample ionization cannot be tuned
by an auxiliary liquid and the composition of the BGE must be
suitable for both CZE separation and ESI-MS detection.

BGEs containing volatile buffers are requested to prevent the
contamination of ESI and to facilitate the ionization process and
evaporation of droplets. Most of the methods for peptide and
proteins CZE-ESI-MS employ both coated and uncoated capillaries
and BGEs consisting of either aqueous solutions or water-organic
solvent mixtures of volatile electrolytes, such as formic and acetic
acid and their ammonium salts, or volatile alkylamine salts. The use
of ammonium hydrogen carbonate is generally not recommended
because of the potential gas bubbles formation. Also common is the
approach of controlling the protonic equilibrium by incorporating
into the BGE a pure acid or base, instead than a true buffer. Recent
examples of this approach include the analysis of intact proteins
[52], a proteomics study of thin zebrafish brain tissue sections [53],
and a large-scale top-down delineation of histone proteoforms
[54], which were performed with aqueous BGEs consisting of 1.0 M
formic acid, 10% (v/v) acetic acid, and 5% (v/v) acetic acid, respec-
tively. Since high acid concentrations might lead to low detection
sensitivity, due to signal suppression, all BGEs in the above exam-
ples were diluted by the sheath liquid before entering the ioniza-
tion interface, which is a common option to minimize the
concentrations of BGE components interfering with the ionization
process and/or the MS detection.

The incorporation of an organic solvent into BGE (mainly
methanol or isopropanol) can have a beneficial effect on the ioni-
zation process and allow the use of BGE and sheath flow of identical
composition. Moreover, organic solvents alter permittivity, viscos-
ity, zeta potential, and conductivity of BGE, in addition to influence
the ionization of peptides and proteins, with consequent impact on
their electrophoretic mobility and, therefore, on separation selec-
tivity and/or efficiency and resolution. Mixtures of water and the
aprotic dipolar organic solvents N,N-dimethylacetamide (DMA)
and N,N-dimethylformamide (DMF) were investigated as BGEs for
peptide CZE-MS [46,55]. These studies evidenced that BGEs con-
sisting of DMA or DMF in water (up to 20%, v/v), containing either
acetic or formic acid, were suitable to perform CZE-MS peptide
mapping of either a monoclonal antibody [55] or a recombinant
IgG1 protein conjugated to a highly hydrophobic pyrrolobenzo-
diazepine dimer [46], both used as therapeutic proteins. The
enhanced selectivity observed by incorporating either DMA or DMF
into BGE was ascribed to the ability of these organic solvents to
affect peptide selectivity through differential changes in the pKa of
the analyzed peptides produced by proteolytic digestion.

The hyphenation of MS with nonaqueous capillary electropho-
resis (NACE-MS) is an alternative approach that uses BGEs con-
sisting of solutions of volatile electrolytes in organic solvents,
which offer a wide range of physicochemical parameters, such as
viscosity, dielectric constant and polarity, that influence EOF and

electrophoretic mobility and solubility of the analytes to different
extents [56]. Moreover, due to their low surface tension, volatile
organic solvents are expected to form stable ESI sprays [57].
However, the low solubility of most peptides and proteins in
organic solvents limits the application of NACE-MS for the sepa-
ration and characterization of these biopolymers. Exceptions
include the separation of temporins, a family of natural bioactive
highly hydrophobic peptides, which was obtained by NACE using a
bare fused-silica capillary and BGE consisting of 78% (v/v) meth-
anol, 20% (v/v) acetonitrile, and 2% (v/v) formic acid containing
20 mM ammonium formate [58].

Further requirements for the proper selection of BGE composi-
tion might be requested by the on-line preconcentration method
frequently needed to increase the number of peptides and proteins
that can be identified in diluted samples, conventionally injected in
amounts lower than 1% of the total capillary column volume (i.e.
~10 nL). Among the current preconcentration methods described in
literature, those based on discontinuous BGE systems, such as field-
amplified sample stacking (FASS) and dynamic pH junction, are the
most simple and practical and are widely employed for peptide and
protein CZE either with MS or UV detection [59,60]. An overview of
current on-line preconcentration techniques employed in capillary
electrophoresis of complex samples is reported in the recent review
article by Jarvas et al. [60].

The field-amplified sample stacking preconcentration technique
uses conductivity gradients generated into the capillary, filled with
a high conductive BGE, and is performed by hydrodynamically
injecting the sample dissolved in a low-conductivity solution and
using a high conductivity BGE. As a result, the electrophoretic
mobility of peptides and proteins in the sample plug is higher than
in BGE, causing the sample analytes to be focused at sample plug/
BGE boundaries, as it is depicted in Fig. 3.

The dynamic pH junction method is performed by establishing a
pH discontinuity in the capillary, which can be obtained by hy-
drodynamically injecting the sample dissolved in a basic electrolyte
solution and carrying out the separation using an acidic BGE. The
application of a positive potential across the capillary causes the

Fig. 3. Scheme of field-amplified sample staking (FASS) technique for on-line pre-
concentration of diluted peptide and protein samples in capillary zone electrophoresis.
A: a long plug of sample, solubilized in a low conductivity solution, is introduced by
hydrodynamic injection into the bare fused-silica capillary, which is filled with a high
conductivity BGE. B and C: upon application of a high positive voltage, the analytes
migrate faster in the sample plug than in BGE, due to the higher electric field devel-
oped in the low conductivity solution and are focused into narrow zones at the
boundaries with the high conductivity BGE (front and rear boundaries, depending on
the analyte charge). D: the concentrated analytes are then separated in the remaining
length of the capillary according to their electrophoretic mobility in the high con-
ductivity BGE (negatively charged analyte migrate against EOF).
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migration of the negatively charged analytes toward the anode,
where they come in contact with the acidic BGE, acquiring positive
charge and, therefore, focusing at the boundary between the acidic
BGE and the basic sample electrolyte solution (see Fig. 4). The dy-
namic pH junction preconcentrationmethod can also be performed
in low pH sample electrolyte and high pH BGE mode [61].

Recently, Zhang et al. [62] identified over 4400 phosphopeptides
by CZE�ESI�MS/MS from a 220 ng sample, which was enriched by
on-line dynamic pH junction pre-concentration method, using
30 mM ammonium bicarbonate (pH 8.2) as the sample electrolyte
and 1M acetic acid as the BGE. Large sample volume capacity (1 mL)
and high peak capacity (~280) were obtained for a dynamic pH
junction-based CZE-MS/MS method, which used 50 mM ammo-
nium bicarbonate (pH 8.0) as the sample buffer and 5% (v/v) acetic
acid as the BGE [63]. This paper also reported a comparison be-
tween on-line FASS and dynamic pH junction pre-concentration
methods, showing that the dynamic pH junction method allowed
larger sample loading and better separation of proteins than FASS
method.

6. Conclusions and future perspectives

Composition and pH of the electrolyte solution are the most
critical parameters for the optimization of capillary electrophoretic
methods for a given separation problem. This is particularly true for
the separation of complex multifunctional molecules, such as
peptides and proteins, whose electrophoretic properties strongly
depend on protonic equilibrium and on a variety of interactions
that these biopolymers can establish with the capillary wall and
with the chemicals comprising both BGE and sample solution.
Presently, the selection of all components of BGE, as well as the
optimization of pH and the other electrophoretic experimental
conditions, depend on human experience and the majority of CZE
methods are optimized by the “one factor at time” (OFAT) approach,
which is performed by varying an experimental factor while the
others are kept constant. The optimization of CZE methods by OFAT
requires a relatively large number of experiments and does not
permit to evaluate the interactions between experimental factors,

leading to the insufficient understanding of multiparameter inter-
action effects and possible poorly optimized methods.

Design of experiment (DoE) techniques, which use statistical
tools for designing experiments and mathematical modelling, are a
valuable tool to optimize analytical methods, including those based
on high performance liquid chromatography (HPLC) and capillary
electrophoresis separations [64e66]. Recent applications of DoE
approaches for the optimization of CZE methods for peptides and
proteins separations comprise the protein profiling of peanut flour
[33], the separation of proteins in chicken egg white and human
tears samples [37], and the separation of insulin analogs in phar-
maceutical preparations [67]. DoE techniques are expected to gain
increasing acceptance in capillary electrophoresis as a powerful
tool for the development of robust analytical methods, of para-
mount importance for the characterization of biotherapeutic
products, and for the evaluation of interactions between the main
factors that affect selectivity and separation performance of peptide
and protein CZE.
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