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Preface

Since the pioneering accomplishments of Hjertén (1) and particularly of
Jorgenson and Lukacs (2), capillary electrophoresis (CE) has undergone a
dynamic development, producing a variety of applications. In chemical and
pharmaceutical analysis, CE was employed mainly to separate and quantify
drugs; this subject has recently been reviewed (3). The implementation of
CE in quality control or drug profiling in biological systems has been illus-
trated in numerous studies. Capillary electrophoresis separations can be per-
formed in different modes, using the same technical equipment. Capillary
zone electrophoresis (CZE) and micellar electrokinetic chromatography
(MEKC), introduced by Terabe et al. (4), are most frequently employed.

In recent years, much of the research work in the pharmaceutical sci-
ences was focused on the development of effective vehicle systems, such as
micelles, microemulsions, and liposomes, for drugs that are critical with
respect to bioavailability. Knowledge of this subject is a prerequisite to de-
veloping vehicle systems for special administration routes, such as dermal,
transdermal, intravenous, and nasal.

In pharmaceutics, therefore, simple and effective methods and proce-
dures are needed to characterize the interactions of drugs with pharmaceu-
tical excipients (polysaccharides, cyclodextrins, etc.) and vehicle systems
(micelles, microemulsions, and liposomes) in order to optimize the load of
vehicle systems with the drugs.
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On the other hand, more and more research interest has been focused
on the interactions of drugs and vehicle systems with biological target struc-
tures such as receptors (cells, proteins, nucleic acids, etc.). In recent years,
interactions between proteins and nucleic acids were studied to generate
artificial viral systems for gene therapy. Another interesting focus is the study
of immunoreactions.

In biopharmaceutics, effective methods are strongly needed, not only
to characterize the interactions of drugs and vehicles with biological struc-
tures in order to optimize pharmaceutical vehicle systems, but also to study
the interactions between biological molecules and to investigate immuno-
reactions.

All experimental techniques used for measuring the affinity of one
molecule for another are based on the measurement of changes in physi-
cochemical properties of the drug, depending on the properties and the
concentration of the interacting partner. Changes in size, charge, and other
properties of the complex may result in measurable differences in mo-
lecular weight (size exclusion methods), sedimentation (ultracentrifuga-
tion), diffusion rate (immunodiffusion, equilibrium dialysis), spectroscopic
properties (fluorescence quenching, spectral shift), and electrophoretic
migration.

In recent years, classic CE has been modified in several ways. This
book, therefore, first gives a brief introduction to the principles and tech-
niques of CE (Chapter 1).

Affinity capillary electrophoresis (ACE) relates changes in the electro-
phoretic mobility of a drug (analyte) after complexation with a substrate
(pharmaceutical excipient, vehicle system, and biological structure) present
in the background electrolyte to the association constant KA. The electro-
phoretic mobility of a molecule (drug) in free solution is proportional to its
electrical charge, q, and inversely related to the hydrodynamic radius, r,
which depends on the molecular mass, M. If the drug (injected as the sample)
shows interaction with a substrate, its mobility should be shifted compared
to the one obtained in free solution. A quantification is possible and leads
to association constants. The principle of ACE as well as the methods for
explaining and quantifying the results are described in Chapter 2.

Interaction equilibria, e.g., between drugs, excipients, vehicle systems,
and biological structures, reflect the sum of interactions, which are nonspe-
cific (hydrophobic) and specific (electrostatic dipole–dipole and dipole–in-
duced dipole and hydrogen bonding). The soft method of ACE does not
disturb the sensitive equilibria via any chemical modification.

In the past few years, the use of ACE in pharmaceutics and biophar-
maceutics has expanded to the following areas:
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To measure physicochemical and thermodynamical parameters of
drugs

To characterize the affinity of drugs to pharmaceutical excipients (poly-
saccharides, other native and synthetic polymers, cyclodextrins, etc.)
and vehicle systems (micelles, microemulsions, and liposomes)

To determine binding constants between drugs and biological struc-
tures (e.g., receptors, cells, peptide fragments), proteins (e.g., en-
zymes), nucleic acids, and plasmids

To characterize interactions between biologically relevant molecules,
e.g., protein–protein and protein–nucleic acid interactions, as well
as immunoreactions

The first part of this book presents theoretical basics necessary to un-
derstand the principles and techniques of CE as well as ACE. This knowl-
edge opens access to potential applications in pharmaceutics, e.g., the in-
vestigation of interaction partners improving the solubility of lipophilic and
barely water-soluble drugs and the determination of the effects of amphi-
philic ion-pairing or complexation reagents (e.g., pharmaceutical excipients)
on the permeation as well as absorption behavior of hydrophilic drugs. ACE
enables the calculation of equilibrium constants, which are a measure of the
strength of interaction. Although MEKC and ACE are based on the same
principle, the recent literature (as well as this book) discusses these methods
separately. However, MEKC can be considered a special case of ACE, dif-
fering only in the mode of mathematical description. In addition, the general
calculation of association constants (KA) and partition coefficients (KP) is
described.

Part II starts with the possibilities of ACE for characterizing the rele-
vant physicochemical properties of drugs such as lipophilicity/hydrophilicity
as well as thermodynamic parameters such as enthalpy of solubilization. This
part also characterizes interactions between pharmaceutical excipients such
as amphiphilic substances (below CMC) and cyclodextrins, which are of
interest for influencing the bioavailability of drugs from pharmaceutical for-
mulations. The same holds for interactions of drugs with pharmaceutical
vehicle systems such as micelles, microemulsions, and liposomes.

Part III presents the methods based on ACE for studying interactions
of drugs and pharmaceutical vehicle systems with biological structures such
as receptors, proteins, polysaccharides, and nucleic acids. This part also de-
scribes and discusses methods for characterizing protein–protein interactions
and immunoreactions.

Part IV covers the relevance of new combination (i.e., hyphenation)
techniques such as CE-ESI- (electrospray ionization) MS (mass spectrome-
try) and CE-ESI-TOF- (time of flight) MS for ACE.
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This book outlines the fascinating possibilities of the application of
ACE and related technologies in the most interesting emerging fields of
pharmaceutics (controlled drug delivery) and biopharmaceutics (drug
targeting).

Reinhard H. H. Neubert
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1
Principles of Capillary
Electrophoresis

Jörg Schiewe
Boehringer Ingelheim Pharma KG, Ingelheim, Germany

I. HISTORICAL REVIEW

Over the last 10 years, capillary electrophoresis has matured into a powerful
analysis technique focusing on water-soluble ionic analytes. It therefore
complements the long-established method of reversed-phase HPLC, where
separation is based on hydrophobic interactions of the mainly nonpolar an-
alytes. Pioneering work using electrophoresis as a separation method was
first performed by Tiselius dating back to 1937 (1). He found that proteins
in buffer solution migrate in the electric field in one direction and at a rate
determined by their charge and size. In the early years electrophoretic sep-
aration was performed in anticonvective media such as agarose and poly-
acrylamide gels to minimize solute-zone broadening caused by thermal dif-
fusion and convection. The introduction of open tubular colums in the early
1970s with column diameters in the submillimeter range was an important
milestone in free solution electrophoresis, and led to a significant increase
in separation efficiency (2,3). Due to their small diameters (50–100 �m),
the currents flowing through the capillary are very small, only in the mi-
croampere range, thus allowing a high separation voltage up to 30,000 volts
at a concurrently low power consumption in the range of milliwatts. Because
of the favorable ratio of surface area to volume of narrow-bore capillaries,
the negative effects of Joule heating could be minimized, resulting in con-
siderably enhanced separation efficiencies of typically 250,000 theoretical
plates (4). A further advantage of the possibility of utilizing high voltages
is the significant reduction in analysis time, which in turn decreases zone
broadening, leading to high separation efficiency. During the 1980s many
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practical aspects of sample introduction and analyte detection were solved,
helping to establish capillary zone electrophoresis (CZE) as a high-perfor-
mance analytical technique. The first capillary zone electrophoresis systems
became commercially available in the late 1980s.

II. SEPARATION PRINCIPLE IN CAPILLARY
ZONE ELECTROPHORESIS

The electrophoretic separation principle is based on the velocity differences
of charged solute species moving in an applied electric field. The direction
and velocity of that movement are determined by the sum of two vector
components, the migration and the electroosmotic flow (EOF). The solute
velocity is represented as the product of the electric field strength and��� E
the sum of ionic mobility and EOF coefficient :�u ��Ion EOF

��� = E�(�u � �� ) (1)Ion EOF

Whereas the ionic mobility is a physical constant specific to individual ionic
species, the EOF is dependent on the properties of the interface of capillary
wall and solution.

To perform capillary electrophoresis the following basic components
are necessary: a high voltage power source, a detector and a buffer filled
capillary (see Fig. 1).

A. Migration

The migration of a charged species, e.g., its motion under the force of an
electric field, is given by Eq. (2), where the strength of the electric field

is simply a function of the applied voltage divided by the capillary� �E U
length L:

�U� ��� = E� �u ; E = (2)Ion L

The ionic mobility itself depends on the ratio of the charge and�u Ion

size of a specific ion. The electrical force experienced by an ion of charge�Fe

q can be expressed as

� �F = q�E (3)e

This force is counterbalanced by the frictional force which in the case�F ,fr

of a spherical ionic species is given by Stokes law:

�F = 6����r� �� (4)fr
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Fig. 1 Schematic drawing of the basic components of a capillary electrophoresis
system. The distance denotes the effective length l and the total length L ofAB AC
the capillary.

During electrophoresis, a steady state establishes where the vector sum
of electrical force and frictional force is zero; therefore, a constant migration
velocity is attained, given by:��

�q�E�q�E = 6����r� ��; �� = (5)
6����r

Substitution of in Eq. (2) by the expression in Eq. (5) leads to the definition��
of the ionic mobility �u :Ion

q
�u = (6)Ion 6����r

From this equation it is evident that the mobility of an ionic species is�uIon

directly proportional to the ratio of charge to radius q/r and reciprocal to
the viscosity � of the solution. Thus, small, highly charged ions have high
mobilities, whereas large, less charged species have low mobilities.

The electrophoretic mobility usually found in standard reference tables
is a physical constant determined for complete dissociation extrapolated to
infinite dilution. However, the mobility of ionic species measured under
practical conditions often depends on protonation/deprotonation equilibria
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Fig. 2 Net ionic charge of thiamine (pKa = 4.80), nicotinamide (pKa = 3.42), biotin
(pKa = 5.20), ascorbic acid (pKa1 = 4.17; pKa2 = 11.57) and nicotinic acid (pKa =
4.76).

influencing the effective charge of that specific ion and therefore depends
on pH (for example, see Fig. 2). In other words, two species of the same
ionic mobility but of different pKa value can be separated in CZE when the
pH of the buffer is selected accordingly. Besides the influence of the pH,
chemical equilibria leading to a change of the charge (e.g., complexation
reactions) also affect the electrophoretic mobility in the same way.

B. Electroosmotic Flow (EOF)

The second parameter influencing the movement of all solutes in free-zone
electrophoresis is the electroosmotic flow. It can be described as a bulk
hydraulic flow of liquid in the capillary driven by the applied electric field.
It is a consequence of the surface charge of the inner capillary wall. In
buffer-filled capillaries, an electrical double layer is established on the inner
wall due to electrostatic forces. The double layer can be quantitatively de-
scribed by the zeta-potential and it consists of a rigid Stern layer and a��,
movable diffuse layer. The EOF results from the movement of the diffuse
layer of electrolyte ions in the vicinity of the capillary wall under the force
of the electric field applied. Because of the solvated state of the layer form-
ing ions, their movement drags the whole bulk of solution.
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The electroosmotic flow velocity can be given as

�� ��� = �� �E (7)EOF 4����

� denotes the dielectric constant of the electrolyte solution. The factor
on the right-hand side of Eq. (7) is also referred to as the���(�/4����)

electroosmotic mobility �� .EOF

Since the driving force of the flow is uniformly distributed across the
diameter of the capillary, the flow profile is essentially flat. This flat profile
contributes to the very high separation efficiency of CZE. Electroosmotic
pumping therefore is beneficial, in contrast to laminar flow generated by a
HPLC pump, where a parabolic flow profile is established. The electroos-
motic flow rate and its flat profile are generally independent of the capillary
diameter. However, if the internal diameter of the capillary exceeds 250 �m,
the flat profile is increasingly disrupted.

The capillaries most commonly utilized for CZE are made of silicate
(glass) material, particularly fused silica. Under aqueous conditions the wall
silanol groups can deprotonate and the capillary wall will form a negative
charge. Hence, cations from solution are attracted to this negatively charged
capillary surface, leading to an electrical double layer having a positively
charged diffuse zone that moves toward the cathode. This causes a net flow
of all solutes, cations, neutrals, and even anions (as long as their electro-
phoretic mobility does not exceed the electroosmotic flow coefficient) to-
ward the cathode. Thus, all these species can be detected in a single run (for
example, see Fig. 3).

For fused silica the magnitude of the EOF is controlled by the pH
value of the electrophoretic buffer used. At high pH where the silanol groups
are predominantly deprotonated, the EOF is significantly greater than at low
pH (pH < 4) where they become protonated. Depending on the specific
conditions, the EOF can vary by more than one order of magnitude between
pH 2 and pH 12. In nonionic materials such as Teflon and other polymers,
electroosmotic flow is also encountered. The electrical double layer in this
case results from adsorption of buffer anions to the polymer surface.

1. Electroosmotic Flow Control

While the electroosmotic flow is a positive attribute of electrophoresis in
most cases, there are instances where EOF needs to be carefully controlled.
For example, too high an electroosmotic flow may decrease resolution, es-
pecially of cations with similar mobility. In a different case, when analyzing
anions of very different mobilities (anorganic and organic) in one run, the
electroosmotic flow needs to be reversed (5). Furthermore, alternative elec-
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Fig. 3 Electropherogram of five water-soluble vitamines: thiamine (cationic),
nicotinamide (nonionic), biotin (anionic), ascorbic acid (anionic), and nicotinic acid
(anionic) in 20 mM phosphate run buffer at pH 8.0.

trophoretic separation modes, such as capillary isotachophoresis (CITP),
capillary isoelectric focusing (CIEF), and capillary gel electrophoresis
(CGE), require zero EOF.

The electroosmotic flow can be effected in several ways. Most effec-
tively, the zeta-potential can be influenced by capillary wall coating. This
coating can be achieved either by adsorption of cationic surfactants, such as
cetyl-tributyl-ammonim bromide (CTAB), dissolved in the electrophoresis
buffer or by chemical reaction of the surface silanol groups with organic
silanes. Both methods have advantages and disadvantages. While adding
organic surfactants can reverse the electroosmotic flow, it may also affect
the separation of ions due to formation of ion complexes or changes in the
ionic mobility. On the other hand, surface modification by chemical silani-
zation is often unstable, especially when working with basic buffer solutions.

Another preferred method for reducing the electroosmotic flow is based
on increasing the buffer viscosity. This is usually achieved by filling the
capillary with polymeric gels. Thereby, electroosmotic flow is reduced to
zero; the ionic mobility, nevertheless, is also affected [see Eq. (6)]. Addi-
tionally, in capillary gel electrophoresis the separation of ionic species is
achieved mainly by the sieving effect of the gel, which is advantageous
when separating ionic species having the same mobility, such as poly-
nucleotides.
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To complete the picture there are two, more academic methods to
affect the EOF. One, applying an external electrical field across the radius
of the capillary (6), and the other, to reduce EOF by applying a back-pressure
(7). While the external electrical field approach is a method directly modi-
fying the zeta-potential of the capillary wall, it is not applicable with com-
mercial apparatuses. The back-pressure technique, on the other hand, has
the disadvantage that the flat electroosmotic flow profile is disrupted by
superposition of a pressure-driven laminar flow profile; hence, the efficiency
of separation deteriorates.

C. Factors Affecting Efficiency

The definition of separation efficiency known from chromatography, ex-
pressed as height equivalent to a theoretical plate (HETP), can be applied
in the same way to CZE:

2�
HETP = (8)

l

� 2 denotes the coefficient of variance of a Gausian peak, and l is the effec-
tive length of the capillary (length from site of injection to site of detection).
Based on this definition the number of theoretical plates N along the effec-
tive length of the capillary l can be expressed as

2
l l

N = = (9)� �HETP �

Equations (8) and (9) show, that separation efficiency is determined by the
peak width, in these equations expressed as the coefficient of variance � 2.
The smaller is � 2, the narrower is the peak, and hence the greater is the
efficiency to separate two neighboring peaks.

The width of a peak, or, in other words, the length of a solute zone,
is affected primarily by diffusion phenomena leading to a broadening of the
solute zone. In addition, in capillary zone electrophoresis, zone broadening
can be caused by thermal effects, electrodispersion, or adsorptive effects.
All these effects can be expressed as coefficients of variance adding to2� ,i

a total coefficient of variance of the system 2� :total

2 2 2 2 2 2� = � = � � � � � � � � ��� (10)total i Diff Therm Electrodisp Ads�
In the following, the major factors affecting separation efficiency are
discussed.

Under ideal practical conditions, e.g., no Joule heating and no solute–
wall interactions, diffusion is the sole contribution to zone broadening. Since
the flow profile in CZE is flat, radial diffusion can be neglected, and only
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longitudinal diffusion can be considered to be effective, leading to this equa-
tion to describe the diffusion term:

2� = 2�D� t (11)Diff

While the diffusion coefficient D is a physical constant for a particular spe-
cies, t denotes the migration time, which is proportional to the velocity of
migration [Eq. (2)] and the effective length of the capillary l. Hence, it��
follows that

2�D� l2� = (12)Diff ��u �EIon

Substituting Eq. (12) into Eq. (9) yields a fundamental expression for the
plate number:

��u �E� lIonN = (13)
2�D

Since the electric field can be expressed as with L being the total� �E U/L,
length of the capillary, Eq. (13) can be transformed into

�u � fIon �N = �U (14)
2�D

f being the ratio l/L of effective length l to total length L of the capillary
(l/L = �0.5 . . . 1.0	). From Eq. (14) it follows that the separation efficiency
N is directly proportional to the voltage applied. Please note that, in�U
contrast, the height equivalent of a theoretical plate (HETP) is inversely
related to the field strength [combination of Eqs. (8) and (12)]. The higher�E
the electrical field strength, the smaller the height equivalent of a theoretical
plate, or, in other words, the more theoretical plates per unit length.

In conventional slab-gel electrophoresis the feasibility of using high
voltages is limited, due to considerable power consumption leading to heat-
ing of the gel slab. Heating is problematic, since it can cause nonuniform
temperature gradients, local viscosity changes, and, therefore, zone broad-
ening.

When an electric current is passed through a conductive medium, heat
is generated (Joule heating). The temperature increase depends on the power,
i.e., the product of current and voltage, and is determined by the conductivity
of the buffer and the voltage applied. Significantly elevated temperatures
will result when power generation exceeds the amount of heat that can be
dissipated.

The use of narrow-bore capillaries greatly reduces this heating effect,
because heat can be more efficiently dissipated due to a favorable surface-
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to-volume ratio. This improved heat dissipation means that higher operating
voltages on the order of several ten thousand volts can be applied. It is
advantageous to use narrow-inner-diameter capillaries with large outer di-
ameters. The smaller the inner dimensions, the higher the surface-to-volume
ratio, which helps to dissipate the generated heat through the capillary wall.
The large outer diameter is advantageous due to an improvement of heat
transfer to the surroundings.

Zone broadening due to Joule heating can be limited by the reduction
of the applied voltage, although this also means a decrease in efficiency.
Furthermore, it can be reduced by use of low-conductivity buffers, i.e., buf-
fers that contain ions of low mobility, such as TRIS, borate, histidine, and
CAPS. The most efficient way to remove heat from the outer capillary wall
is by active capillary cooling. This can most efficiently be accomplished
with a cooling system that thermostats the capillary using high-velocity air
or a liquid coolant.

Another effect contributing to zone broadening is electrodispersion,
i.e., conductivity differences of solute and buffer ions leading to nonsym-
metrical peaks. Local differences in conductivity are created along the cap-
illary length due to zones of different ionic mobilities of solutes to be sep-
arated that contribute differently to the net current flowing. This means that
the voltage applied to the ends of the capillary is not linearly dropped over
the length of the capillary. This effect is shown in Figure 4: Zones of low
ionic mobility have a lower conductivity. Hence, the voltage drop is much
greater, resulting in a much greater electric field strength. For high-mobility
ions the opposite holds: A higher conductivity of that zone creates less volt-
age drop, and thus the local electric field in that zone is much less.

Longitudinal diffusion now leads to movement of ions out of the solute
zone into the neighboring volume elements governed by the mobility of the
buffer ions. For low-mobility ions this means that they experience a lower
electric field strength than inside the solute zone. Therefore, ions diffusing
into the buffer volume element upstream of the solute zone (left-hand side
in Fig. 4) will move with a lower velocity [according to Eq. (2)] and lag
behind the solute zone, ultimately leading to pronounced peak tailing. Low-
mobility ions diffusing into the downstream buffer volume element also
move more slowly than those inside the solute zone and, hence, will fall
back into the moving front. So the peak shape is unsymmetrical: a sharp
front and a skewed tailing edge for ions with a lower mobility compared to
the buffer.

For high-mobility ions, electrodispersion leads to peak fronting. In this
case ions diffusing out of the solute zone upstream will experience a higher
electric field and are accelerated back into the solute zone (sharp trailing
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Fig. 4 Illustration of the effect of electrodispersion that is based on local differences
of the electric field along the capillary.
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Fig. 5 Electropherogram of six sulfur anions illustrating peak fronting [thiosulfate
and peak tailing [tetrathionate for better visibility of peak asym-2� 2�(S O )] (S O )];2 3 4 6

metry, the perpendicular peak axis is drawn as a solid line. Separation in 20 mM
chromate run buffer at pH 8.3.

edge of the peak). Those diffusing into the buffer downstream are acceler-
ated too, but they are drawn away from the solute zone (skewed peak front).

Neutral species remain unaffected by electrodispersion, giving rise to
symmetrical peaks. An example electropherogram illustrating peak fronting
and peak tailing is shown in Figure 5.

Interactions between the solutes and the capillary wall also have a
negative effect on the efficiency in capillary zone electrophoresis. Both hy-
drophobic interactions and electrostatic interactions of cations with the neg-
atively charged capillary wall can be the cause of solute adsorption. Signif-
icant adsorption has been found for high-molecular-weight species, e.g.,
peptides and proteins. Because of the increased surface-area-to-volume ratio
of narrow-bore capillaries, this effect is even more pronounced.

Solute adsorption can be minimized most effectively by capillary wall
coating, thereby decreasing the free energy of hydrophobic or ionic inter-
actions. Coating can be achieved either by covalently bonded organic mod-
ifiers, e.g., polyacrylamides, sulfonic acids, polyethylene glycols, maltose,
and polyvinyl pyrolidinone, or by dynamic deactivation (i.e., addition of
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modifiers to the buffer solution; see also Sec. II.B.1). Both methods can be
used to eliminate or reverse the charge on the capillary wall, alter hydro-
phobicity, and, hence, limit solute adsorption.

D. Resolution

Capillary zone electrophoresis is a separation technique that benefits from
very high efficiency, not selectivity. This is in contrast to chromatography,
for which the converse is true. Differences in mobility in the range of 0.01%
can be enough for complete resolution of neighboring peaks. The resolution
R is defined as

t � t2 1R = (15)
4��

ti denotes the migration time of one species and � is the standard variation
as a measure of the peak width. Substituting ti and � in consideration of the
efficiency N, Eq. (15) can be written in this form:

�
�u UIon
R = � (16)�

4 2D(�u � �� )Av EOF

with and denoting the difference and the average ionic mobility of
�u �uIon Av

the two ions, respectively.
From Eq. (16) it is evident that, analogous to efficiency, a gain in

resolution results from higher voltages although it is only a square root�U,
dependency. The voltage must be increased four times to double the
resolution.

The effect of the electroosmotic flow on the resolution is also evident
from Eq. (16). A high electroosmotic flow in the direction of the moving
ions can significantly diminish resolution. Theoretically, infinite resolution
of two peaks could be reached when is equal but opposite to the av-��EOF

erage mobility In this case one of the solutes would migrate in the�u .Av

direction of the detector and the other one in the opposite direction. In other
words, the separation run would be infinitely long. Thus, for a practical
separation the electroosmotic flow should be controlled in a way to achieve
baseline resolution (R = 1) at minimal separation time.

E. Benefit of Small Capillary Diameters

As just mentioned, the application of high voltages is beneficial because
efficiency and resolution increase with increasing voltage. Higher voltages
increase the current i through the capillary and this results in higher Joule
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heating. To avoid band broadening or an interruption of conductivity by
formation of gas bubbles, the heat has to be carried away by cooling. The
amount of Joule heating that can be dissipated sets an upper limit on the
maximum voltage applicable. The heat W generated per unit length of the
capillary by the current i flowing through the capillary is equal to the elec-
trical power U� i:

2U� i U
W = = (17)

L R�L

According to this equation, W is a function of the voltage U squared and
the resistance R. The resistance itself depends on the length L, the diameter
of the capillary d, and the buffer conductivity �:

4L
R = (18)2��d ��

Substitution of R in Eq. (17) by Eq. (18) and rearrangement leads to an
expression for the maximum voltage applicable:

4W LmaxU = � (19)max � ��� d

From this equation it is evident that the maximum voltage depends on the
square root of the maximum heat that can be dissipated, the conductivity of
the buffer, and the two geometry parameters of the capillary, length L and
diameter d. Equation (19) can be rewritten to yield an expression for Emax:

4W 1maxE = � (20)max � ��� d

Substitution of Eq. (20) into the expression of the efficiency [Eq. (13)] and
rearrangement yields an equation for the maximum number of theoretical
plates per unit length:

N 1 �u 4W 1max Ion max= = � (21)�l HETP 2D ��� d

From this equation it can be seen that the efficiency per unit length is in-
versely proportional to the capillary diameter. Decreasing the diameter of
the capillary will decrease the height equivalent to a theoretical plate. The
efficiency per unit length increases. Therefore, smaller-diameter capillaries
can be used at shorter lengths, which ultimately decreases the separation
time.

Recently, a lot of work in electrophoretic separation has focused on
employing chip-based systems, which benefit from the enhancement of ef-
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ficiency at reduced analysis times due to miniaturization (8). The main ar-
guments for electrophoresis on chips are reduced consumables (sample, re-
agent, mobile phase), leading to lower costs and waste, and increased sample
throughput, based on the increase in efficiency per unit length and time.

III. ALTERNATIVE ELECTROPHORETIC MODES

A. Overview

Capillary zone electrophoresis (CZE) is the most common electrophoretic
separation technique due to its simplicity of operation and its flexibility. It
is the standard mode for drug analysis, identification of impurities, and phar-
macokinetic studies. Other separation modes, such as capillary isotachopho-
resis (CITP), micellar electrokinetc chromatography (MEKC), capillary elec-
trochromatography (CEC), capillary gel electrophoresis (CGE), capillary
isoelectric focusing, and affinity capillary electrophoresis (ACE), have their
advantages in solving specific separation problems, since the separation
mechanism of each mode is different.

B. Capillary Isotachophoresis

In contrast to CZE, capillary isotachophoresis is a moving-boundary tech-
nique. A combination of two buffer systems, a leading buffer and a termi-
nating buffer, is used, and the sample is injected between the two buffer
zones prior to the separation run. After a high voltage is applied to both
ends of the capillary, a steady state forms, where the solutes form zones
according to their different mobilities. The leading buffer is selected to have
the highest mobility, whereas the terminating buffer has the lowest mobility.
This means that the solute zones move in the order of their mobilities,
sandwiched between leading and terminating buffer, until eventually steady
state is reached where all zones move at the same velocity. From the con-
dition that the current flowing through the solution is constant in all zones
it follows that

dq �i = = F�A�z �c � �� = F�A�z �c � �u �E = const. (22)i i i i i i idt

In this equation, F denotes the Faraday constant, A is the cross-sectional
area of the capillary, zi is the number of charges, and ci is the concentration
of species i. Having isotachophoretic equilibrium, the term ci � is equal��u �Ei i

in each of the solute zones.
From Eq. (22) it is evident that if the mobility of the ions (and therefore

the conductivity in each zone) is different; constant velocity can be achieved
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only when the electric field strength also varies from zone to zone, estab-
lishing the lowest field across the zone of highest mobility. This phenomenon
maintains very sharp boundaries between the zones. When an ion diffuses
into a neighboring zone, its velocity changes and it is immediately accel-
erated or decelerated to reenter its own zone.

Another characteristic feature of CITP is that well-defined concentra-
tions are achieved in each of the solute zones, which are ultimately deter-
mined by the concentration of the leading buffer:

c �u �u � �ui i lead c= � (23)
c �u � �u �ulead i c lead

According to Kohlrausch, the concentration ci of a solute i in the adjacent
zone can be calculated from the concentration clead of the leading buffer and
the ratio of the ionic mobilities and with being the ionic mobility�u �u , �ui lead c

of the counterion. That means that zones with lower concentration than the
leading buffer are concentrated (sharpened) and that zones of higher con-
centration are diluted (broadened).

Because zones of constant concentration are moving with constant ve-
locity toward the detector, the detector signal is obtained in the form of steps
rather than peaks, as in the case of CZE. Since according to Kohlrausch’s
relation [Eq. (23)] the information from the sample quantity is no longer
related to the concentration of the solute zone, its volume, i.e., the length
of that zone, is proportional to the solute quantity in the sample. Therefore,
in CITP a characteristic separation plot contains steps of different length.

And CITP is favorably utilized in the analysis of low-molecular-weight
ionic species. A difficulty often arises with finding suitable buffer systems
that provide leading and terminating ions and also form the appropriate
buffer pH. One of the advantages is that the capillary can be loaded with
sample up to 30–50% of its length, enabling the analysis of very dilute
samples. Furthermore, the principle of predetermined solute concentrations
in isotachophoresis is also used as preconcentration step for very dilute sam-
ples prior to CZE, MEKC, or CGE.

A subsequent advantage of the zone sharpening effect in CITP is that
zone broadening due to diffusion is minimized; in addition, a high ratio of
the concentrations of two sample components can be analyzed without loss
of analysis performance.

C. Micellar Electrokinetic Chromatography

Micellar electrokinetic chromatography is a hybrid of electrophoresis and
chromatography. Introduced by Terabe in 1984 (9), MEKC is one of the
most widely used CE modes. Ionic micelles, formed from surfactants added
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to the run buffer in concentrations above their critical micelle concentration,
are used as pseudostationary phase. Due to the chromatographic nature of
the separation process, both neutral and ionic compounds can be separated
with this mode. Differently from chromatography, MEKC benefits from the
flat flow profile of the EOF, leading to the high separation efficiency that is
typical of an electrophoretic separation.

The surfactants utilized to form the micelles can be cationic, anionic,
zwitterionic, neutral, or mixtures thereof. Often the anionic tensid sodium
dodecylsulfate (SDS) is used, forming negatively charged micelles that mi-
grate toward the anode, i.e., in the direction opposite to the EOF. Since
under neutral or basic pH conditions the EOF is usually faster than the
migration velocity of the micelles, they are drawn toward the cathode, where
the detector is placed. During migration of the micelles, the solutes, ionic
or nonionic in nature, partition in and out of the micelle, interacting in a
chromatographic manner through either hydrophobic or electrostatic inter-
actions. The more hydrophobic the solute is, the longer is the interaction
with the micelle. Since the separation mechanism is essentially chromato-
graphic, it can be described as follows:

t � tr 0
k� = (24)

trt � 1 �0 � �tm

k� denotes the capacity factor, tr is the retention time of the solute, t0 is the
retention time of the unretained solute (EOF migration time for neutral spe-
cies), and tm is the micelle retention time. Generally, the capacity factor
increases with the surfactant concentration. However, the maximum concen-
tration feasible in practical work is limited, since an increase in concentra-
tion also increases the current flowing and, hence, Joule heating.

The selectivity can easily be manipulated in MEKC. For instance, se-
lectivity changes significantly when the physicochemical proprties of the
micelles are varied by using different surfactants with different structutre or
alkyl chain length. Additionally, MEKC can be performed utilizing bile salts
or microemulsions. As in chromatography, organic modifiers can be added
to change the solute micelle interactions. Organic solvents such as methanol,
iso-propanol, and acetonitrile have been used in practical work.

Micellar electrokinetic chromatography is applied for the analysis of
a wide variety of organic substances, ionic and nonionic in nature. For in-
stance, for the determination of the content of active pharmaceutical ingre-
dients in tablets, creams, and injectables, the MEKC mode often offers ad-
vantages over the CZE mode.
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D. Capillary Electrochromatography

Capillary electrochromatography is very similar to MEKC. It is a technique
where the flow of the mobile phase through a column packed with an HPLC
stationary phase is effected by the application of an external voltage. In
contrast to high-pressure pumping, no back-pressure arises, allowing the use
of smaller particle sizes than in HPLC. This, together with the flat flow
profile of the EOF, leads to a very high separation efficiency. The higher
sample capacity of CEC versus CZE is an additional advantage. And CEC
was combined with pressure pumping to reduce the retention time. This
method is referred to as pCEC (10).

E. Capillary Gel Electrophoresis

Separation with capillary gel electrophoresis is based on the mechanism of
size exclusion. Therefore, GCE is directly comparable to traditional slab or
tube gel electrophoresis, since the separation mechanisms are identical.

In CGE the capillary is filled with a gel containing cross-linked or
linear polymers. The gel thereby acts as molecular sieve. Traditionally, cross-
linked polyacrylamides and agarose have been utilized in the slab and tube
format. Polyacrylamides when cross-linked have smaller pore sizes and are
used for protein separations. The larger pore sizes of agarose gels are more
suitable for DNA separation. Polyacrylamides yield very viscous gels. There-
fore, polymerization is usually done on column, which has a lot of practical
problems.

More recently, polymer solutions of entangled linear polymers, such
as polyethylene glycol and hydroxymethyl cellulose, have been utilized for
CGE. The practical advantage is that prepolymerized material can be dis-
solved in the run buffer and repeatedly filled into the capillary by pressure
loading. In order to avoid having gel pushed out of the capillary during
electrophoresis, the EOF has to be eliminated through coating of the capil-
lary wall.

Gel electrophoresis and, more recently, CGE have been employed prin-
cipally in molecular biology and biochemical science for the separation of
macromolecules such as proteins and nucleic acids. And GCE has been
successfully used in oligonucleotide purity analysis, antisense gene therapy,
DNA sequencing, PCR product analysis, and DNA forensics.

F. Capillary Isoelectric Focusing

Capillary isoelectric focusing is a high-resolution electrophoretic technique
used to separate compounds with different isoelectric points and finds wide
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application in protein analysis. This technique can be used to separate pro-
teins that differ only by 0.002 pI units. Similar to CGE it is a traditional gel
electrophoretic technique extensively used in biochemistry.

Capillary isoelectric focusing is based on the migration of zwitterionic
analytes in a continuous pH gradient. Therefore, the capillary is filled with
the sample and a mixture of ampholytes having pI values that span the
desired pH range, for example, pH 3–10. One of the ends of the capillary,
at the cathode, is dipped into a basic solution (e.g., sodium hydroxide); the
other end, at the anode, is dipped in acidic solution (e.g., phosphoric acid).
Upon application of an electric field, the ampholytes move to a region where
they become uncharged, thus forming a continuous pH gradient. In this
gradient the sample proteins are focused into a volume element in the cap-
illary where the pH equals their pI value. The protein zones are very narrow,
since a protein that enters a zone of different pH will become charged and
migrate back. During focusing, the EOF needs to be eliminated to prevent
the ampholytes and solutes from being drawn out of the capillary.

The status of the isoelectric focusing process can be followed by the
current reading. When steady state is reached where no sample migration
occurs anymore, the current drops to zero. After focusing, the ampholytes
and solutes are mobilized again in order to pass the detector. Mobilization
can be accomplished by replacing one of the solutions in the reservoirs at
the capillary end with a salt (e.g., sodium chloride), or the volume in the
capillary is pushed out by applying pressure.

An advantage of CIEF is that the total length of the capillary is filled
with sample and ampholyte mixture; thus, larger quantities of proteins can
be separated. It therefore can be advantageously used as a sample precon-
centration step prior to capillary gel electrophoresis. Furthermore, CIEF is
a suitable and very precise method for measuring the isoelectric point of
biomolecules.

G. Affinity Capillary Electrophoresis

Affinity capillary electrophoresis is an electrophoretic mode that takes ad-
vantage of the specific interactions of receptors, antibodies, or ligands with
the analyte. In contrast to other CE modes, ACE is not dedicated to general
analysis, but rather is focused on measuring molecular interactions of the
solute with specific receptors.

Affinity capillary electrophoresis is an approach where the migration
pattern of interacting molecules are used to identify and quantify specific
binding and estimate binding constants. Therefore, the solutes are first sep-
arated conventionally by CE. In a second run, the run buffer is doped with
a specific complex-forming substance, and the change in the retention time
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of the solutes is then recorded. Although, formally MEKC can also be con-
sidered an ACE method, where hydrophobic or electrostatic interactions be-
tween solute and micelle take place, the term ACE generally seems to be
more or less confined to stronger and more specific interactions with well-
defined stoichiometry.

Three different interacting phases can be distinguished in ACE: the
stationary, pseudostationary, and mobile phases. First, the interaction can
take place at the surface of a coated capillary wall or at a stationary phase
present in the capillary. This approach is analogous to CEC, as discussed
previously. Second, the interaction can take place in pseudostationary
phases, such as micelles, microemulsions, and liposomes. Third, the inter-
action can take place when both the solute and the affinity molecule are in
free solution. For studying these interactions, two analysis methods have
been developed.

For slowly dissociating, strong binding complexes, the complex will
not dissociate during separation. Here the sample is preincubated and the
affinity interaction takes place in the sample vial. After injection of the
sample into the capillary, bound and unbound solute are separated and quan-
tified (frontal analysis), whereas weak binding complexes with rapid on–off
kinetics are analyzed under constant-equilibrium conditions, usually by eval-
uation of mobility changes. Therefore, both components, solute and affinity
molecule, are filled into the capillary and a plug of pure run buffer is injected
(vacancy electrophoresis). After the voltage is switched on, two negative
peaks will appear, corresponding to both components, caused by local de-
ficiencies of solute and affinity molecule.

A detailed description of the theory of ACE will be given in Chap-
ter 2.

IV. CAPILLARY ELECTROPHORETIC SEPARATION IN
NONAQUEOUS MEDIA

Nonaqueous capillary electrophoresis is a new technique that matured over
the last couple of years to complement the electrophoretic techniques per-
formed under aqueous conditions. Consequently, it extends the applicability
of CE to those analytes that are insoluble or only sparsely soluble in water,
including several classes of pharmaceutical compounds and long-chain fatty
acids, vitamins, and surfactants, to name only a few.

The use of organic solvents in nonaqueous capillary electrophoresis
not only increases the solubility of the solutes, but also allows one to control
important characteristics of the separation. For instance, the solvent prop-
erties affect the acid–base behavior of the analytes on a wider scale than
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possible in water. The pKa values can differ up to many orders of magnitude.
Hence, electrophoretic mobilities can be controlled efficiently, and separa-
tions not possible in aqueous CE can be performed with excellent selectiv-
ities (11).

In general terms, the ionic mobility is determined by the properties of
the analyte and the solvent. By substitution of the charge in Eq. (6) by the
product of the capacity of a sphere (4���0��r�r) and its zeta-potential �Ion,
a universal expression for the ionic mobility can be derived:

2�� �0 r ��u = � �� (25)Ion Ion� �3 � S

This equation shows that the ionic mobility is directly proportional to the
ratio of dielectric constant and viscosity of the solvent (�r /�)S. Since the
migration time of an ion significantly decreases with increasing ionic mo-
bility, a high dielectric constant–viscosity ratio of the solvent is advanta-
geous. It can also be shown that the separation efficiency per unit length
benefits from a high ionic mobility. Solvents with a high (�r /�)S ratio are
acetonitrile and N-methyl formamide, which have an even higher dielectric
contant–viscosity ratio than water, followed by methanol, for which (�r /�)S

is two-thirds that of water.
The mixing of solvents in various ratios turned out to be a powerful

optimization tool in nonaqueous CE, since a favorable ratio of mixture di-
electric constant to its viscosity enhances separation efficiency and analysis
speed.

Electroosmotic flow also occurs in nonaqueous media when using
fused-silica capillaries. Its magnitude is determined by the solvents (�r /�)S

in a similar way to that of the ionic mobility. A remarkably high electroos-
motic flow is found in neat acetonitrile. It is believed that due to the lack
of autoprotolysis, in this solvent virtually no anions exist at a certain purity
level. Acetonitrile can accept protons from dissociating surface silanol func-
tions, and the negative charge of the capillary wall is balanced solely by
these solvated protons. Hence, the ionic strength is extremely low, which
leads to less effective shielding of the negative surface potential of the cap-
illary wall.

Due to the low conductivity in organic solvents, the currents are found
to be orders of magnitude smaller than in aqueous CE. Hence, Joule heating
virtually does not occur, even at high background electrolyte concentrations
up to 0.1 mol/L. This allows us to work at a very high separation voltage.
Nevertheless, the ability of a solvent to dissolve ionic species limits the
number of solvents that can be used in CE. For instance, common buffer
ions used in aqueous CE, such as phosphate and borate, cannot be employed
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in acetonitrile and alcohols. Therefore, in acetonitrile–methanol mixtures,
acetic acid/ammonium acetate is widely used as background electrolyte.

Also the selectivity of a separation can be increased by the addition
of ions. Tjornelund and Hansen added magnesium ions to the buffer in order
to separate tetracycline antibiotics in N-methyl formamide as metal chelates
(12). Another example is the separation of several sulfonamides in aceto-
nitrile by adding silver ions. Compounds such as N-containing heterocyclics
were found to build selective charge transfer complexes with Ag�, which
improves the selectivity of the separation. Phenols, carboxylic acids, and
alcohols interact with anions such as and Cl�� � � �ClO , BF , NO , CH SO ,4 4 3 3 3

in acetonitrile as solvent. The resulting electrophoretic mobility of the weak
Bronsted acids (HA) in the presence of such anions is the result of the
formation of complexes of the type [X� . . . HA] due to the formation of
hydrogen bonds (13).

Besides its application as a separation technique, nonaqueous CE has
also been used as a powerful method to measure fundamental physicochem-
ical parameters in organic solvents and, thus, to contribute to a broader
understanding of solvation phenomena, protolysis, and electochemistry in
nonaqueous media.
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2
Theory of Affinity Electrophoresis

Hans-Hermann Rüttinger
Martin-Luther-University Halle-Wittenberg, Halle, Germany

I. INTRODUCTION

More or less specific noncovalent molecular interactions are ubiquitous in
biological systems. Signal transduction such as hormone–receptor binding,
transcription of hereditary information, enzyme substrate binding, and reg-
ulation of enzyme activity are only few examples. The effects of drugs in
these systems can often be explained in terms of binding to receptors, en-
zymes, or ion channels. Even the bioavailibility of drugs is modified by
complexation to constituents of exipients and food or intestinal fluids.

In most cases these interactions can be regarded as equilibrium reac-
tions governed by the law of mass action. Association constants provide a
measure of the affinity of a ligand molecule to a substrate; hence the ten-
dency to form associates can be compared on a thermodynamic level. This
provides information on the energetics of binding via the following rela-
tionship:

�G = �RT ln Keq

The binding enthalpy can be obtained from the temperature dependence
of Keq.

For a simple 1:1 association of ligand L to substrate S,

S � L S SL

By the mass action law,

[SL]
K = (1)A [S]�[L]
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If the activity coefficients are neglected (set to unity), the association con-
stant is obtained by any analytical procedure that measures the apparent
concentrations of S, L, and SL without disturbing the equilibrium.

A variety of spectroscopic methods that produce different signals from
bound and free substrate, such as UV-vis spectroscopy, IR spectroscopy and
NMR spectroscopy, have been established for this purpose. Electrochemi-
cal methods, such as potentiometry and polarography, have been applied as
well (1).

All these methods benefit from the different behavior of free vs. bound
substrate. Association involves changes of molecular size and/or charge,
which controls electrophoretic mobility. Capillary electrophoresis provides
mobility data as well as analytical concentrations with a minimal consump-
tion of substances. During the past decade a variety of methods have been
developed using mobility data or direct concentration readings from the
detector to get information on the association constants (2–4).

II. EVALUATION OF ELECTROPHORETIC MOBILITY

A. Simple 1:1 Association

A low concentration of substrate is injected into a capillary containing the
ligand with concentration [L]. On condition that the equilibrium is rapidly
established (dynamic equilibrium), the effective net mobility of the substrate
� corresponds to the sum of the mobility of free and bound substrate
weighted by their molar fractions:

� = x �� � x �� (2)S s SL SL

The molar fractions are defined as

[S] [SL]
x = and x = (3)s SL[S] � [SL] [S] � [SL]

Analogous to chromatography, the ratio of bound to free substrate mol-
ecules is defined as capacity factor k�:

nSLk� = (4)
nS

Since the molecules are dissolved in the same volume, k� can also be written
as the concentration ratio:

[SL]
k� =

[S]
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Inserting k� into Eq. (1) gives

k� = K �[L] (5)A

In protein-binding investigations the fractional saturation, defined as
the fraction of protein molecules that are saturated with ligand is used as
working function.

[SL]
Y = (6)

[S] � [SL]

Combining Eq. (3) and (5) produces

1
x = (7)s 1 � k�

k�
Y = (8)

1 � k�

If there exists no further species of S and interaction with the capillary wall
can be excluded, then Eq. (2) simplifies to

� = x �� � (1 � x )�� (9)s s S SL

1 k�
� = �� � �� (10)s SL1 � k� 1 � k�

� � k���S SL
� = (11)

1 � k�

Subtraction of �S from Eq. (11) yields

� � k��� � � � k���S SL S s
� � � = (12)S 1 � k�

� � � k�S = = Y (13)
� � � 1 � k�SL S

Replacing k� with Eq. (5) gives

� � � K �[L]S A= (14)
� � � 1 � K �[L]SL S A

or

� � K �[L]��S A SL
� = (15)

1 � K �[L]A

A typical mobility plot calculated with Eq. (15) is given in Fig. 1 for KA =
105 L/mol. All mobilities are between �S and �SL.
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Fig. 1 Typical binding curve using Eq. (15).

Nonlinear regression analysis of a plot of � or Y against [L] provides
the association constant KA, and the electrophoretic mobility of the pure
complex �SL from the experimental data. �S corresponds to the substrate
mobility at [L] = 0. [L] can be approximated as the added ligand concen-
tration only when the ligand concentration is much greater than the solute
concentration or when the binding constant is small.

Since all electrophoretic mobility values are proportional to the recip-
rocal viscosity of the buffer, as derived in Chapter 1, the experimental mo-
bility values � must be normalized to the same buffer viscosity to eliminate
all other influences on the experimental data besides the association equilib-
rium. Some commercial capillary zone electrophoresis (CZE) instruments
allow the application of a constant pressure to the capillary. With such an
instrument the viscosity of the buffer can be determined by injecting a neu-
tral marker into the buffer and then calculating the viscosity from the time
that the marker needs to travel through the capillary at a set pressure. During
this experiment the high voltage is switched off.

In this case the traveling time td of the marker relates to the hydro-
dynamic flow velocity v at the applied pressure:

ldv = (16)
td
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where ld is the length of the capillary from the injection point to the detector.
Viscosity is then calculated using the Hagen–Poiseuilles law (5):

4���p�r
� = (17)

8�v� l

where l is the total length of the capillary. Since only viscosity ratios have
to be determined, only the traveling-time ratios have to be considered, pro-
vided that all measurements are done with the same capillary at constant
pressure.

Evaluation of experimental data is much easier when Eq. (14) is con-
verted to a linear form. There are three linearizations established in practice:

Double reciprocal plot (Benesi–Hildebrand or Lineweaver–Burk):

1 1 1 1
= � � (18)

� � � (� � � )�K [L] � � �S SL S A SL S

Y-reciprocal plot:

[L] 1 1
= �[L] � (19)

� � � � � � (� � � )�KS SL S SL S A

X-reciprocal plot (Scatchard or Eadie):

� � �S = �K �(� � � ) � K �(� � � ) (20)A S A SL S[L]

The names of the linearization methods correspond to the established
methods in protein affinity research and alternatively in enzymology. All
these transformations change the statistical weights of the data points and
differ in their susceptibility to experimental uncertainties. The double recip-
rocal plot places too much emphasis on the data points at the lowest ligand
concentrations. Therefore the estimated mobility of the complex (�SL) re-
sulting from the intersection point shows more uncertainty. Deviations from
the model, e.g., the influence of higher-order equilibria, slow equilibration,
and partial adsorption at the capillary wall, often cause only slight deviations
from linearity but yield incorrect equilibrium constants. A detailed discussion
of statistical errors is given in Refs. 6–9.

B. Higher-Order Equilibria

If the substrate is able to bind more than one ligand, then additional complex
species are produced that contribute to the measured mean mobility. For
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illustration, two binding sites are assumed. Binding of a ligand to site 1
leads to SL(1), controlled by the microscopic equilibrium constant k1, the
first occupation of binding site 2 yields SL(2). Both forms of SL can bind
a second ligand, leading to the same product (SL2):

k1
S ` SL(1)

�L

k ]\ �L �L ]\ k2 12

k21
SL(2) ` SL2�L

The resultant different complexes with the same stoichiometry [SL(1) and
SL(2)] generally can’t be separated by electrophoresis because of the same
size and charge. Only the macroscopic equilibrium constants K1 and K2 can
be derived from electrophoresis data.

The macroscopic equilibrium constants describe not a specific inter-
action, but the sum of every possible interaction between substrate and li-
gand at a particular stoichiometry:

[SL] [SL(1)] � [SL(2)]
K = = = k � k (21)1 1 2[S]�[L] [S]�[L]

and

[SL ] [SL ] k k k k2 2 1 12 1 21K = = = = (22)2 [SL]�[L] ([SL(1)] � [SL(2)])�[L] k � k k � k1 2 1 2

Binding of additional ligands to a small substrate is often hindered for
steric reasons (anticooperative binding). In most of the protein associations,
however, the first association step favors the following binding steps. This
behavior, called cooperative binding, leads to the formation of more highly
coordinated species in the analyte.

If higher complexes are present, for a correct description of the elec-
trophoretic behavior, Eq. (2) must be extended:

n

� = x � � x � (23)S S i SL� i
i=1

with

[SL]
x =1 [S] � [SL] � [SL ] � � � � � [SL ]2 n

© 2003 by Marcel Dekker, Inc.



with n being the highest coordination number. In general,

[SL ]ix = (24)ni

[S] � [SL ]m�
m=1

The xi are related to the capacity factors as follows:

k�ix = (25)ni

1 � k�m�
m=1

with
i

ik = K �[L] (26)i m�
m=1

n

(� � � )�k�i S i�
i=1

� � � = (27)nS

1 � k�i�
i=1

and, as a general formulation of Eq. (14),

n i

i(� � � )�[L] � Ki S m� � � �
i=1 m=1

� � � = (28)S n i

i1 � [L] � Km� � � �
i=1 m=1

Bowser and Chen (10) have calculated some theoretical binding iso-
therms (� � �s = f([L]) for anticooperative, noncooperative, and coopera-
tive complex formation at two equivalent binding sites with arbitrarily cho-
sen microscopic constants; see Table 1.

A smaller secondary microscopic association constant compared to the
first binding constant (k1 = k2 > k21 = k12) results in anticooperative binding
behavior in cases A and B. If k1 = k2 < k21 = k12, as in cases D and E, the
cooperative binding yields a higher amount of higher-order complexes.

The binding isotherms in Fig. 2 don’t seem to be evidence of higher
binding orders at first glance. In the Scatchard plot in Fig. 3, plots following
the linearization procedures of Eqs. (18) to (20) almost show a clear devi-
ation from linearity for anticooperative binding or cooperative binding,
whereas the noncooperative binding simulates a simple 1:1 complexation
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Table 1 Microscopic and Macroscopic Equilibrium Constants for
the Curves in Figs. 2 and 3

k1 = k2

[M�1]
k21 = k12

[M�1]
K1

[M�1]
K1K2

[M�2]

A (anticooperative) 50 10 100 500
B (anticooperative) 50 20 100 1,000
C (noncooperative) 50 50 100 2,500
D (cooperative) 50 100 100 5,000
E (cooperative) 50 200 100 10,000

Fig. 2 Binding of a ligand at two binding sites with different cooperativities.

(curve C). In that case, and if the mobility of the different species are very
similar, ACE fails to detect higher-order equilibria. When measurements are
made in only a limited range of concentrations, these plots may be misin-
terpreted as decisive proof of a 1:1 complexation, in as much as statistical
errors hide a small curvature in the low-concentration range.

Nonlinear regression analysis, taking into account all the equilibria,
seems to be a reasonable way to get a true picture of the processes taking
place and finally to get the relevant data. In practice, however, it is not
possible to decide whether the mathematical model describes the reality
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Fig. 3 Scatchard plots of mobility data for second-order binding with different
cooperativities.

correctly if too many independent parameters are involved. Due to the sta-
tistical errors of the observed mobility data and other imponderabilities,
regression analysis fails. In some cases the equations can be simplified. If
binding is highly cooperative, then the concentrations of complexes with
lower stoichiometry are very small and all bonded substrate is attributed to
the complex of the highest stoichiometry:

[SL ]nK = (29)A n[S]�[L]

In this case only a simple adaptation of Eq. (5) is needed and inserting k�
into Eq. (10) immediately provides the formula for the binding function:

[SL ]n nk� = = K �[L] (30)A[S]

And, analogous to Eq. (15),

n� � K �[L] ��S A SLn� = (31)n1 � K �[L]A

Evaluation of Eq. (28) is best done by nonlinear regression analysis,
which yields KA, n, and If can be estimated from the apparent� . �SL SLn n

mobility at high ligand concentrations, then the coordination number is eas-
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ily gained from the slope of a double logarithmic plot of Eq. (30). From
Eq. (13) it follows that

Y nk� = = K �[L] (32)A1 � Y

This plot is known as a Hill plot in protein-binding chemistry and enzyme
kinetics (11). Transformation of Eq. (13) also provides the relation for the
mobilities:

� � �sk� = (33)
� � �SLn

Another simplification can be made if all binding sites are independent
(noncooperative binding) and they can be attributed to classes of identical
sites. In protein–drug affinity studies the fraction of drug molecules bound
(Db) per protein molecule (P) is given by

m
D K [D ]b i fr = = n � (34)i�P 1 � K [D ]total i fi=1

where ni is the number of different binding sites of class i (12,13). If only
one class of independent binding sites exists, then

D K [D ]b A fr = = n� (35)
P 1 � K [D ]total A f

When the protein is the substrate, the drug is the ligand, and [SL] is the
sum of all complexes, r then corresponds to Y.

Provided the mobilities of the different protein–drug complexes are
nearly the same, but different from the free drug, r and n can be calculated
from the mobility data, analogously to Eq. (14):

� � � K �[L]S A= n� (36)
� � � 1 � K �[L]SL S A

A scatchard plot yields a straight line, as already shown in Fig. 3,
curve C. The reasonable assumption that the mobilities of the protein com-
plexes are nearly the same results from the minor change of the protein’s
size when a small drug molecule binds to it. A significant alteration of
mobility can arise from charged ligand if the protein carries only a low
intrinsic charge at the apparent pH value. Binding of phosphate to ovalbumin
causes a constant fractional increase in charge for each addition of a phos-
phate ion. This is taken into account via an additional factor introduced in
Eq. (36) (14,15).
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C. Association Equilibria with More Than One Additive

Buffer electrolytes for CZE separations often contain a mixture of additives
that modify the electrophoretic mobility of the analytes to achieve an optimal
separation. Most buffer compositions had been empirically found. Theoret-
ical treatment of the interacting equilibria can give more insight into the
underlying processes and be helpful in finding good separation conditions.
Another area of interest that benefits from ACE theory involves the effects
of pharmaceutical exipients on drugs and biological systems containing more
than one interacting substance. Since most analytes are weak acids or bases,
protonation/deprotonation is involved as a secondary equilibrium in almost
all affinity reactions.

Here we exemplify the principles with a substrate interacting compet-
itively with two different ligands (16). This model assumes that there are no
interactions between ligands L and I and that the substrate can bind only
one additive at a time. The following equilibria hold:

S � L ` SL

S � I ` SI

The corresponding equilibrium constants are:

[SL]
K = (37)SL [S]�[L]

[SI]
K = (38)SL [S]�[I]

This yields the following capacity factors:

k� = K �[L] (39)SL SL

k� = K �[I] (40)SI SI

� � � �k� � � �k�s SL SL SI SI
� = (41)

1 � k� � k�SL SI

Analogous to Eq. (15), the mobility depends on the concentrations of
the two ligands, L and I:

� � � �K �[L] � � �K �[I]S SL SL SI SI
� = (42)

1 � K �[L] � K �[I]SL SI

Experimental data with the independent variables L and I can be plot-
ted, producing a 3-dimensional binding isotherm, and a multivariate regres-
sion analysis gives the association constants KSL and KSI as well as the mo-
bility of the corresponding complexes.
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Instead of 3-D plots, traces of the binding isotherm surface through a
plane parallel to the [L]/[I] plane (contour diagrams) or profile plots (traces
through the �/[L] or �/[I] plane can be used to explain certain special
conditions.

Bowser et al. (17) calculated profile plots of binding isotherms assum-
ing the following conditions: KSL = 50 M�1, KSI = 50 M�1, �S = 0 cm2V�1s�1,
�S = 0 cm2V�1s�1, �SL = 3 � 10�5 cm2V�1s�1, �SI = 5 � 10�5 cm2V�1s�1.

In Fig. 4, mobility is plotted against [L] at constant concentrations
of I. Addition of charged ligands accelerates the analytes. The lowest curve,
with [L] = 0, begins at zero, because �S is zero, and tends toward �SL at the
highest concentration of L. The isotherm corresponding to the highest con-
centration of I and [L = 0] tends toward �SI, and mobility diminishes as,
with increasing [L], the lower mobility of the associate SL gains more in-
fluence. The dashed line indicates a concentration where both influences
compensate one another, thus producing the same mobility for all concen-
trations of L. This concentration of I is called the dengsu concentration.
Dengsu means ‘‘same velocity’’ in Chinese. Figure 5 shows a mobility plot
of [I] with [L] as parameter. All binding isotherms cross at the same point,
where [L] is at dengsu concentration. This concentration is calculated by
setting

��
= 0, reflecting that � is independent of [L]

�[L]

Applied to Eq. (42):

(� � �)�K � K �K �[I]�(� � � )SL SL SL SI SL SI = 0 (43)2(1 � K �[L] � K �[I])SL SI

� � �SL[I] = � (44)D K �(� � � )I SL SI

Equation (44) gives a positive value for dengsu concentration only
when both binding additives shift the mobility in the same direction and

�� � � � > �� � � �SI SL

Conversely, if

�� � �� > �� � � �SL SI

there will be a dengsu concentration for I.
The presence of a dengsu concentration is a strong indication that the

second additive interacts with the analyte in 1:1 stoichiometry and there is
no interaction between the additives. The shapes of the binding isotherms
confirm the stoichimetries of the complexes.
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Fig. 4 Calculated mobility with constant [I] at different concentrations of L.

Fig. 5 Calculated mobility with constant [L] at different concentrations of I.
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D. Micellar Electrochromatography

With micelles, microemulsions, or liposomes, a second phase is introduced
into the separating system. As in chromatography, exchange of the analyte
between the mobile and the stationary phases controls the separation process.
Contrary to classical chromatography, both phases are mobile, moving with
different velocities. As in all electrophoresis techniques, the net mobility of
an analyte is the mean mobility of its fraction in the aqueous and the micellar
phases:

� = x �� � x �� (45)aqu aqu mic mic

Introduction of micellar electrochromatography by Terabe and coworkers
(18) extended the separation power of capillary electrophoresis to uncharged
molecules. But charged molecules with same mobility can also be separated
due to their different partitions between aqueous and micellar phases. This
partition behavior may be regarded as an affinity to the micellar phase and
therefore is treated in this chapter. Instead of the mass action law, the Nernst
partition law describes the phase partition equilibrium:

[S]micK = (46)p [S]aqu

The capacity factor k� is the same as in Eq. (4), but we must take into
consideration that the phases are different in their volumes:

n [S] �Vmic mic mick� = = (47)
n [S] �Vaqu aqu aqu

Vmick� = K � (48)p
Vaqu

The volume of the micellar phase is crucial for the determination of
partition coefficients. In most cases it is regarded as being proportional to
the concentration exceeding the critical micellar concentration of the sur-
factant:

V = v�(c � c )�V (49)mic Surf cmc 0

Equation (49) and all relations derived therefrom apply only for (csurf � ccmc)
> 0; otherwise no micellar phase exists.

The rest of the total volume V0 is accounted as to the aqueous phase:

V = V � V (50)0 mic aqu
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giving

v�(c � c )Surf cmc
k� = K � (51)p 1 � v(c � c )Surf cmc

Capacity factor k� is introduced into Eq. (13) to give

� � � K�v�(c � c )S Surf cmc= (52)
� � � 1 � K �v�(c � c ) � v�(c � c )mic S p Surf cmc Surf cmc

Experimental net mobility values are plotted against surfactant concentration
to give a binding curve very similar to the binding isotherms of the complex
equilibria. It should, however, be taken into consideration that concentrations
below the critical micellar concentration don’t fulfill the assumptions un-
derlying Eq. (49). If there is any change in mobility due to surfactant con-
centrations below the critical micellar concentration, then this effect must
be attributed to complex formation, as in affinity electrophoresis or absorp-
tion of the surfactant at the capillary wall. Other influences, such as the
viscosity of the buffer electrolyte and eof drift, are considered carefully to
be eliminated. The partition coefficient Kp and the specific micellar volume
can be estimated via multivariate regression analysis. For this purpose the
mobility of the micelles �mic and the critical micellar concentration should
be known from other experiments. The mobility of the micelles can be
determined by a hydrophobic marker that dissolves only in the micellar
phase, not in the aqueous buffer phase. It is assumed that the uptake of the
analyte does not change the mobility of the micelles itself or change its size.

There are several possibilities for the determination of the critical mi-
cellar concentration. If the micelles are formed from charged surfactants, a
plot of the electrophoretic current at constant high voltage against the sur-
factant concentration shows an inflection point at the ccmc. It should be noted
that the critical micellar concentration changes with temperature, the kind
and concentration of counterions, and other buffer ingredients.

The partition coefficient relates to the hydrophobic character of a sub-
stance. Its logarithm is proportional to the free energy of the transfer of a
substance from the aqueous phase to the micellar phase. Correlation of these
partition coefficients with the partition coefficients of other systems, such as
octanol/water, results in a straight line on a logarithmic scale. Some corre-
lations are given in Chapters 5 and 6.

Equations (49) to (52) are derived for the simple case in which only
one surfactant forms one type of micelles. Depending on surfactant concen-
tration and other buffer constituents, a more or less complicated mixture of
micelles differing in form and/or composition coexist in the buffer. All of
these micelles may exhibit different partition behavior in relation to a certain
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substrate and have at least a different micellar mobility. Theoretical treatment
of these circumstances leads to an extended form of Eq. (52), including the
partition coefficients of the different micelles, their specific volumes, mo-
bilities, and critical concentrations (19). If the systems contain too many
variables, multivariate regression analysis fails and only mean partition co-
efficients can be extracted.

If micelles are very small, they can’t regarded as a separate phase and
the aggregates between substrate and surfactants are better described as
higher-order complexes.

III. DIRECT EVALUATION OF CONCENTRATIONS FROM
ELECTROPHEROGRAMS

As already pointed out, any method that gives the equilibrium concentrations
is capable of defining the equilibrium constant. Contrary to most spectro-
metric methods, normal separation processes disturb the composition of the
reaction mixture. Thus methods that treat the equilibrium mixture as a mix-
ture of inert substances are not generally suitable.

A. Complete Separation of the Equilibrium Mixture

In some cases the equilibration rate is very slow compared to the time scale
of the analytical separation. The pre-equilibrated reaction mixture behaves
indeed as a mixture of inert components and can be separated by capillary
electrophoresis. The concentrations are directly derived from the peak areas
or peak heights after calibration. This method is suitable if ligand and sub-
strate are separable and the migration time does not exceed 1% of the half-
life of complex decomposition.

B. Separation Methods Under Equilibrium Conditions

Several variants of separation methods based on dialysis, ultrafiltration, and
size exclusion chromatography have been developed that work under equi-
librium conditions. Size exclusion chromatography especially has become
the method of choice for binding measurements. The Hummel–Dreyer
method, the vacancy peak method, and frontal analysis are variants that also
apply to capillary electrophoresis. In comparison to chromatographic meth-
ods, capillary electrophoresis is faster, needs only minimal amounts of sub-
stances, and contains no stationary phase that may absorb parts of the equi-
librium mixture or must be pre-equilibrated.

Capillary electrophoresis exhibits an extremely high separation power,
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Fig. 6 Simulation of concentration distribution in frontal analysis: capillary lenth
50 cm; injection length 12.5 cm, corresponding 245 nL at 50-�m i.d. of capillary;
association constant 5000 M�1; initial concentration substrate 0.11 mM, ligand 0.1
mM; mobility of substrate 10, of complex 40, of ligand 40 � 10�5 cm2V�1; B is 50
seconds after application of 25 kV.

and only little differences of the complexes in size or charge are sufficient
for the determination of association constants. A critical comparison of these
methods for drug–protein binding studies is given by Busch et al. (20).

1. Frontal Analysis

In frontal analysis, a large plug of the pre-equilibrated mixture, containing
the substrate, the ligand, and the complex formed in the buffer, is injected
into the capillary. The capillary is filled only with buffer. Figure 6a shows
the concentration profiles of the different constituents along the capillary.
After the high voltage has been switched on, the ligand exhibits a higher
mobility as the substrate in this example moves away from the starting range
and leaves the substrate behind at the same concentration as it had in the
nonseparated mixture. As shown in Fig. 6b, the complex moves with the
same velocity as the ligand; but as the substrate disappears, the complex
dissociates and the ligand is liberated and reaches the initial concentration.

If the ligand is not UV active but the substrate and the complex are
registered by the UV detector, the electropherogram consists of a plateau
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Fig. 7 Same conditions as in Fig. 5, but injection of 0.1 mM solution of ligand
into the substrate-containing buffer, injection length 1.5 mm.

corresponding to the absorbancy of the complex plus substrate, immediately
followed by a plateau corresponding to the concentration of the free sub-
strate. The detector signal is easy to calibrate by injecting a sample plug of
known concentration without the ligand.

Knowing the initial concentrations of substrate and ligand and the frac-
tion of unbound substrate in the reaction mixture, the association constant
can be calculated. The binding isotherm needs the measurement of five to
ten reaction mixtures of different initial concentration ratios, but with com-
mercial instruments this is easily automated, and the higher consumption of
sample volume (about 80 nL) doesn’t matter.

2. Hummel–Dreyer Method

As the other methods, the Hummel–Dreyer method was first developed for
chromatography and then adapted to capillary electrophoresis (21). A small
sample of the ligand, dissolved in buffer, is injected into the capillary. The
capillary as well as source and destination vial are filled with buffer con-
taining the substrate. In the ligand-containing sample, the initial concentra-
tion of the free substrate is depleted to the equilibrium concentration (see
Fig. 7a). The depletion peak moves with the velocity of the substrate, and
its area corresponds to the bound substrate. As demonstrated in Fig. 7b, the
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Fig. 8 Same conditions as in Fig. 6, but injection of empty buffer into the substrate
and ligand-containing capillary, injection length 1.5 mm.

complex and the ligand cause a positive peak. Calculated in concentration
units, the positive complex peak embodies the same area as the negative
peak of the substrate depletion. To get the concentration of free substrate,
the negative peak area must be calibrated against the substrate concentration.
This is done by injection of different concentrations of substrate (without
ligand) into the capillary.

3. Vacancy Method

In the vacancy method, the separation buffer contains all the complex-form-
ing ingredients; as sample, an empty buffer solution is injected. The con-
centration gaps in Fig. 8b move in the electric field according to the mobility
of the corresponding substances that were depleted in concentration. The
substrate vacancy peak area corresponds to the amount of free substrate,
whereas the complex vacancy peak area corresponds to the amount of com-
plex that was displaced during injection. For calibration the buffer is mixed
with increasing concentrations of substrate and then injected. By plotting
the added substrate against the peak area, the free concentration can be
determined by interpolating to zero absorbancy, the concentration needed to
fill up the vacancy peak.
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IV. CONCLUSIONS

Affinity capillary electrophoresis is a versatile method for the determination
of binding constants. It needs only a very small amount of substance and,
as a result of the high-resolution power of capillary zone electrophoresis,
the method can even be applied for the determination of the affinity of
individual components of an crude mixture against a certain ligand. Hum-
mel–Dreyer and vacancy analysis provide additional data from the peak
area, whereas frontal analysis directly reads the concentrations from the de-
tector response. The latter methods need a greater amount of substance to
be investigated and a more tedious procedure for calibration. Compared to
the classical methods, such as size exclusion chromatography and dialysis,
all the capillary electrophoretic methods save a lot of time and substance.
Limitations arise from interactions of the analytes with the capillary wall,
which produces tailing and shifts in migration time and EOF. The concen-
tration of additional electrolytes in the sample must be kept as low as pos-
sible, because it could destroy the constancy of the electrical field and the
pH in the capillary. The low sensitivity of the usual UV detector may be a
problem, keeping in mind that in ACE sample concentration must be an
order of magnitude lower than the ligand concentration in the buffer. Here
CZE-MS hyphenation is a very promising technique.

As with other methods, ACE and its relatives provide experimental
data corresponding to a mean value of concentrations governed by interre-
lated equilibria. Determination of association constants requires a suitable
mathematical model with only few parameters to be estimated.
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3
Determination of Physicochemical
Parameters

Yasushi Ishihama*
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I. ACID DISSOCIATION CONSTANT (pKa)

A. Introduction

Ionization of drugs is important because it affects not only the physico-
chemical properties of the drugs, such as lipophilicity (1,2) and solubility
(3–6), but also several parameters related to cell–drug interactions, such as
membrane permeability, plasma protein binding, metabolism, tissue penetra-
tion, and target protein binding (7–9). The acid dissociation constant (pKa)
is an index of the extent of ionization of a drug at different pH values and
is therefore an important parameter that reflects optimization of the drug
structure (Fig. 1).

Traditionally, potentiometric titration, spectrophotometry, solubility,
and liquid–liquid partitioning have been used for determination of pKa.
Among these, the solubility and partitioning methods are time-consuming
for measurement of pKa in the high-throughput mode. While the automated
titration method is also slow, titration with organic solvents is effective for
sparing soluble drugs (10). The most promising method is spectrophotom-
etry, because it is rapid and sensitive to sparing soluble drugs (11). However,
its major disadvantage is that it cannot be applied to compounds lacking
chromophores close to ionophores. In addition, all the foregoing methods
are affected by the purity/stability of the samples. Other chromatographic
approaches, such as HPLC, are suitable for samples with low purity/stability
(12). However, it is difficult to apply the single HPLC condition to a wide
range of compounds with varied hydrophobicity.

*Current affiliation: University of Southern Denmark, Odense, Denmark.
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Fig. 1 Pathway of orally dosed CNS drugs.

On the other hand, computation of pKa by using appropriate software
is quite useful if the accuracy is well validated for a wide range of com-
pounds. Unfortunately, however, the computed values of pKa are often in-
accurate at present (13,14).

The first work on pKa determination by zone electrophoresis using
paper strips was described by Waldron-Edward in 1965 (15). Also, Kiso et
al. in 1968 showed the relationship between pH, mobility, and pKa using a
hyperbolic tangent function (16). Unfortunately, these methods had not been
widely accepted because of the manual operation and lower reproducibility
of the paper electrophoresis format. The automated capillary electrophoresis
(CE) instrument allows rapid and accurate pKa determination. Beckers et al.
showed that thermodynamic pKa and absolute ionic mobility valuesth(pK )a

of several monovalent weak acids were determined accurately using effec-
tive mobility and activity at two pH points (17). Cai et al. reported pKa

values of two monovalent weak bases and p-aminobenzoic acid (18). Cleve-
land et al. established the thermodynamic pKa determination method using
nonlinear regression analysis for monovalent compounds (19). We derived
the general equation and applied it to multivalent compounds (20). Until
then, there were many reports on pKa determination by CE for cephalospo-
rins (21), sulfonated azo-dyes (22), ropinirole and its impurities (23), cyto-
kinins (24), and so on.
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The most attractive feature of this technique is its universal applica-
bility to a wide range of compounds; i.e., the mobility always shifts when
the extent of ionization of the analyte is modified, because mobility is pro-
portional to net charge. Therefore, unlike the spectrophotometric method,
the applicability of CE method is independent of the structural diversity of
the analytes. In addition, the detection limit of pKa by capillary electropho-
resis with an ultraviolet (UV) detector is approximately 10�6 M (19,20).
However, the CE method has one disadvantage: Measurements under acidic
conditions are quite time-consuming and less reproducible because of the
suppression of the electroosmotic flow (EOF) inside the fused-silica capillary
(25). The use of an anionic polymer-coated capillary was effective in over-
coming this shortfall (26), but the analysis time remained unsatisfactory for
meeting the requirement of drug discovery processes. Recently, three dif-
ferent groups reported the faster CE methods for pKa determination using
the assistance of pressure (14,27–29). Among them, we accomplished the
highest throughput (more than 96 compounds per day) using the combination
of pressure with photodiode array (PDA) detection, which implies that the
analysis of a compounds library based on microplate was possible (14,27).

In this section, the conventional CE method for pKa determination as
well as the rapid method with pressure and a PDA is described. In addition,
the theoretical consideration for different models employed so far is
discussed.

B. Theory and Method

1. Theory

For a monobasic weak acid, HA, the thermodymanic dissociation constant
is defined as follows:th(K )a

� �
� �� {H }[A ] �A AthK = � = K� (1)a a

� [HA] �HA HA

where � is an activity coefficient and {H�} is the activity of a proton.
Assuming that �HA is equal to 1, Eq. (1) becomes

th
�pK = pK� � log � (2)a a A

where is an acidity constant defined asK�a
� �{H }[A ]

K� = (3)a [HA]

The activity coefficient of the anion A� in dilute solutions can be calculated
from Debye–Hückel theory as follows:
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20.5085z I�
��log � = (4)A

1 � 0.3281a I�

where z is the valence of the ion, I is the ionic strength of the background
electrolyte, and a, which is ion size, in angstroms, is generally unknown and
which is assumed to be 5 Å through this study. This equation is valid when
the ionic strength is less than 0.1 and the temperature is 25�C. Substitution
of Eq. (4) into Eq. (2) gives

20.5085z I�thpK = pK� � (5)a a
1 � 0.3281a I�

The effective mobility can be expressed in another form:

�� = Z � � (6)eff A

where (>0) is a constant equal to the mobility of the perfectly dissociated��A

ion at an ionic strength and Z is the charge number, given by

�(0)[HA] � (�1)[A ]
Z = (7)�[HA] � [A ]

The effective mobility, calculated from Eqs. (3), (6), and (7), is given by

�K�a
�� = � � (8)eff A�K� � {H }a

The negative sign indicates mobilization toward the anode. Hence, the ther-
modynamic dissociation constant for the weak acid is obtained from Eqs.
(5) and (8) as follows:

2�� 0.5085z I�effthpK = pH � log � (9)a � �
�� � � 1 � 0.3281a IA eff �

For a weak base, analogous equations are derived as

�{H }
�� = � � (10)eff A�K� � {H }a

2� 0.5085z I�effthpK = pH � log � (11)b � �
�� � � 1 � 0.3281a IA eff �

For multivalent ions, an equation representing the solute mobility must
be derived that considers all the existing ionic species. For instance, the
following equilibrium was established for an ampholyte, BHnA:
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� � ��H �H �H
n� i� �BA ` ��� BH A ��� BH A ` BH A`n�i n�1 n

��H
� j� m�BH A ��� BH A ���` BH A (12)n�1 n�j n�m

Thus, we obtain the charge number

n m

i� j�� i[BH A ] � j[BH A ]n�i n�j� �
i=1 j=1

Z = n m

i� j�[BH A ] � [BH A] � [BH A ]n�i n n�j� �
i=1 j=1

� jj{H }
n i m

ji
�f(n) K� � f(m)ak� � � � �� i K�bl�{H }i=1 k=1 j=1

l=1=
i

� j (13)n m {H }
K�ak� jf(n) � 1 � f(m)� k=1 �� � � �

i=1 j=1 K�� i bl�{H }
l=1

where f(x), are given byK� , and K�ai bj

f(x) = 0 (x = 0), f(x) = 1 (x ≠ 0) (14)

� i�{H }[BH A ]n�iK� = (i = 1, 2, . . . , n) (15)ai (i�1)�[BH A ]n�i�1

� ( j�1)�{H }⎣BH A ⎦n�j�1
K� = ( j = 1, 2, . . . , m) (16)bj j�[BH A ]n�j

with �i (>0) and �j defined as the mobility of re-i� j�BH A and BH A ,n�i n�j

spectively, at an ionic strength. Then, given that �i is not equal to i�1, the
effective mobility is given by

� j� {H }j
n i m

j�i
�f(n) K� � f(m)ak� � � � �� i K�bl�{H }i=1 k=1 j=1

l=1
� =eff

i
� j (17)n m {H }

K�ak� jf(n) � 1 � f(m)� k=1 �� � � �
i=1 j=1 K�� i bl�{H }

l=1
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Table 1 Preparation of CE Buffers

pH range Constituent Stock solution
Ionic

strength

2.7–3.3 Phosphate 1 M H3PO4/1 M NaH2PO4 0.05
3.4–5.4 Acetate 1 M CH3COOH/1 M

CH3COONa
0.05

5.7–8.0 Phosphate 0.1 M NaH2PO4/0.1 M Na2HPO4 0.05
7.5–9.2 Borate 0.1 M Na2B4O7/0.4 M H3BO3 0.05
9.2–12.1 Borate 0.1 M Na2B4O7/0.1 N NaOH 0.05

2. Method

The method for pKa determination consists of three steps:

1. Preparation of buffers with the same ionic strength
2. Measurement of effective mobilities at pHs
3. Regression analysis of the pH-metric mobility data to obtain pKa.

Table 1 shows an example of buffers with I = 0.05.
In step 2, the migration times of the solute and the marker of the

electroosmosis, such as mesityl oxide, were measured at each pH and con-
verted to the effective mobility. When the CE instrument is equipped with
a photodiode array detector, the spectrophotometric method is available si-
multaneously. The buffers should be exchanged every five runs, because the
pH of the buffer was changed by electrolysis during CE analyses. The details
of the experimental conditions are described in Ref. 20.

In step 3, a multiline-fitting program was run to optimize the pK�a
values to minimize the sum of residual squares between calculated and ob-
served mobilities from Eq. (17). Figure 2 shows an example of the MS Excel
spreadsheet for calculation. The solver function of MS Excel could bepK�a
used to perform the multiline-fitting analysis.

For the rapid pKa measurement with daily throughput of 96 compounds
using a pressure-assisted mode with a photodiode array detector, the follow-
ing modifications were required.

Sample preparation: 10 mM stock solutions in dimethylsulfoxide
(DMSO) were used.

Pressure application: 1.5 psi was applied during each CE run.
Peak separation by wavelength: The migration times of the solute and

DMSO were measured at different wavelengths.
Bundling the methods at different pHs: The methods at measured pHs
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Fig. 2 MS Excel� spreadsheet for multiline-fitting analysis.

were bundled into one method to shorten the run time as well as
the data analysis time.

In detail, 50 �L each of the sample stock solutions of the maximum
96 compounds in DMSO (10–30 mM) were prepared in a 96-well micro-
plate. Then, 10 �L of each solution was transferred to each well of a 96-
well sample tray of the CE instrument, diluted 20-fold with water. The trans-
fer and dilution steps were done automatically, using an autodropper, in less
than 1 minute. The separation buffers employed were the same as those for
the nonpressure mode (nine buffers with pH 3–11). An untreated fused-
silica capillary with 50-�m ID and 31-cm length was employed. Applied
voltage was 10 kV. Pressure at 1.5 psi was applied at the anode vial. The
time program of the method consisted of nine cycles of three steps, such as
a buffer-rinsing step (100 psi, 15 s), an injection step (0.5 psi, 10 s), and a
separation step (0.9 or 1.5 min). The obtained migration times for the DMSO
and the drugs at appropriate wavelength were converted to effective mobil-
ities as follows:

1 1 Ll
� = � � (18)eff � �(t � a(n � 1)) (t � a(n � 1)) Vm 0

where �eff is the effective mobility, tm is the migration time of the drug, t0

is the migration time of DMSO, L is the total length of the capillary, l is
the length to the detector, V is the applied voltage, a is the time for one
cycle, and n is the number of cycles. Then the same procedure as for
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Fig. 3 Dependence of effective mobility on pH for donepezil hydrochloride.

the normal CE mode was applied to obtain from the effective mobilitiespK�a
at pHs.

Here, the rinsing and other preparation steps are included in the time
scale. The type of data registration may be different in other commercial
instruments.

C. Evaluation of a Typical pH–Mobility Curve

Figure 3 shows a typical example of the pH–mobility curve for a monobasic
drug, donepezil hydrochloride. The observed mobilities at different pHs were
well in agreement with the regressed values from Eq. (17). The obtained
pKa value is 9.2, which is consistent with the result via the UV method (9.1).
Similar results were reported for weak acids, amphoteric compounds, as well
as peptides with seven ionic groups (20).

1. Calculation Procedure

So far, two different approaches have been reported for calculating the ther-
modynamic pKa value from the mobility at different pHs. Gluck et al. de-
veloped the corrected-pH approach (30). They used buffers with different
ionic strengths and performed the regression analysis using the following
equation for weak acid:

[H ]c
� = �� (19)eff AthK � [H ]a c

© 2003 by Marcel Dekker, Inc.



where

pH = pH � log � (20)c

In contrast, we developed another approach using buffers with the
same ionic strength, where the regression analysis was performed using Eq.
(17) to determine not Then, was calculated from log �th thpK but pK�. pKa a a

using Eq. (2).
Although these approaches seem to be similar, the former method has

several limitations; it should be recognized that intrinsic mobility (� )�A

depends on the ionic strength of the buffer, as shown in Ref. 17. Also, the
activity coefficients of the zwitterions could not be calculated via the De-
bye–Hückel equation, and other methods, such as melting point depression,
should be used to obtain the activity coefficients of the zwitterions (31). On
the other hand, the latter method is directly applicable to the zwitterions to
obtain their acidity constants.

The other point of employing these methods is the pH range for mea-
surement. It is well known that at a low pH less than 3 or a high pH over
11, the interaction between solutes and proton or hydroxide ion should be
considered, and the measurement values at this pH range include error (31).

Another cause of error is the intrinsic mobility of multiply charged
species. The mobility of doubly charged species is not always double the
mobility of a single-charged species, as is the case with betahistine (14).
Although some groups used this invalid assumption (18,28), this is one cause
error.

2. Buffer

The buffer constituents are also important for measuring the proper electro-
phoretic mobility. So far, phosphate, acetate, borate, citrate, formate, HEPES,
CHES, MES, CAPS, AMPSO, TAPS, Tricine, MOPS, and ACES have been
used. We reported that the influence of these ingredients on the mobility of
some drugs was negligible (20). Also, Gluck & Cleveland (32) corrected the
mobility of solutes using the mobility of toluenesulfonic acid, whose charge,
i.e., mobility, should be constant in the measured pH range. Consequently,
the obtained pKa was independent of the mobility correction. They also
reported that the pH correction using a reference solute with the known pKa

value did not improve the accuracy of the measurement. They concluded
that pH measurement of the buffers employed should be performed using a
pH meter prior to analysis. The change of pH during CE analysis should
also be considered, because the electrolysis reaction occurs in the electrode
vial. This change depends on the volume and the concentration of the buffer
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as well as on the analysis time for one run. Jia et al. reported the stability
of buffer pH (28). Under their conditions, the pH stability was adequate for
a 20-compound run, although CO2 absorption should be considered, espe-
cially for pH 10 and 11 buffers.

3. Effect of Temperature

In CE, temperature control is quite important (see Chapter 1), because the
viscosity of the buffer employed depends on the temperature. In addition,
in the case of pKa measurement, the pKa of the solute as well as the pH of
the buffer is changed when the temperature is changed. In our method de-
scribed earlier, the value of the applied voltage was set according to the
deviation from Ohm’s law, which results from the temperature rise of the
solution inside the capillary (20). Gluck et al. measured the buffer temper-
ature using Co(II), which has temperature-dependent absorbance at 495 nm
(30). Under their conditions, the temperature rise was less than 1 degree.

4. Pressure-Assisted System for Rapid Measurement (14)

Figure 4 presents an example of rapid pKa measurement using a pressure-
assisted system in combination with a photodiode array (PDA) detector. The
migration time of DMSO (EOF marker) was measured at 220 nm, whereas
the migration time of the analyte, naphazoline, was measured at 270 nm.
The CE run time as well as data analysis time was drastically reduced.
Consequently, this system allows the analysis of more than 96 compounds
in one day. The limitation of this method is the application to drugs without
UV chromophore at more than 250 nm. In some cases, it was effective to
remove DMSO by evaporation under vacuum followed by the addition of
methanol or acetonitrile as a neutral marker.

5. Limitation of the CE Method for pKa Measurement

One of the limitations is the application of solutes with solubility lower than
0.1 �g/mL. In general, they could not be analyzed by this method at present.
In such cases, the addition of some organic solvents to the separation buffers
followed by extrapolation to 100% aqueous solutions was effective, although
the throughput was decreased. Also, one should be careful when applying
this method to solutes with close pKa values, as pointed out Ref. 30.

D. Conclusion

Capillary electrophoresis is one of the powerful tools for pKa measurement,
especially when the pressure-assisted CE system with PDA detector is em-
ployed. It allows one to measure pKa values of more than 96 candidate drugs
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Fig. 4 Electropherograms of naphazoline for rapid pKa determination.
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in one day, and the information obtained should facilitate the selection of
an appropriate drug or the design of an optimal structure in the stage of lead
optimization. In addition, this method would be useful for characterizing the
compound libraries, although more throughput should be required.

II. LIPOPHILICITY

A. Introduction

Lipophilicity is an essential property of molecules whose roles in biological
systems are numerous and essential, because it is highly related to solubility,
membrane permeability, as well as protein binding, and so on. So far, the
logarithm of partition coefficient between 1-octanol and water, log Pow, has
been used for a lipophilicity scale (33). However, the measurement of log
Pow by conventional shake-flask technique has several limitations, such as
reproducibility, speed, and sample amount required. Alternative approaches
using reversed-phase HPLC and EKC are promising because of the lower
consumption of samples and easy automation. In RP-HPLC, when C8 or
C18 bonded phase was used, some correction for hydrogen-bond ability
would be required (34). Another approach in RP-HPLC is to use octanol
(1,35) or phospholipid (36) to coat the stationary phase dynamically. How-
ever, there are some limitations, such as the low stability of the dynamic-
coated stationary phase and inapplicability to the ionic species (35). Re-
cently, phospholipid-bonded columns were commercialized as ‘‘IAM
chromatography’’ columns (2). Unfortunately, several groups reported that
the stability of the stationary phase was not satisfactory (37). On the other
hand, in EKC, the pseudostationary phases, such as micelles (38–46) and
microemulsion (47–49), have been examined as a tool to estimate log Pow

indirectly. Among them, sodium cholate (SC) micelle (42) and SDS-heptane-
1-butanol-buffer microemulsion (47) showed the best correlation to log Pow.
This conclusion was also supported by linear free-energy relationship
(LFER) analysis [50] as well as solvation-energy descriptor (SED) vector
analysis (51), as described later. Recently, two groups reported the appli-
cation of microemulsion electrokinetic chromatography (MEEKC) (see also
Chapter 6) to pesticides and druglike compound libraries (52,53). The lim-
itation of this indirect approach is its application to ionic compounds, be-
cause the interaction between ionic solutes and ionic surfactants should be
considered in both aqueous and pseudostationary phases (49). Gluck et al.
reported the measurement at pH 1.19 and 12 to neutralize the ionic solutes
(54). However, the analysis time at pH 1.19 was quite long, because of the
EOF suppression. We reported a pH dependence of lipophilicity from
MEEKC. In this case, SMIL-coated capillary (sulfated polymer coating) fa-
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cilitated the CE run time (55). Also, Kibbey et al. used sulfonic acid–coated
capillary and measured log Pow indirectly at pH 3 and 10, depending on
the pH where the solute was neutralized (53).

Regarding other pseudostationary phases for measurement of lipophilicity
or lipophilicity-related properties (e.g., intestinal absorption, brain penetra-
tion), there are several reports on the use of vesicles such as phospholipid
bilayer liposome (56–58), lysophospholipid micelle (59), DTAB/SDS vesi-
cle (60), and double-chain synthetic surfactant vesicle (61), which are de-
scribed in other chapters.

In this section, MEEKC with SDS-heptane-1-butanol buffer is de-
scribed as a tool for determination of lipophilicity of drugs. In addition, the
comparison between the scale from MEEKC and other scales will be
presented.

B. Theory and Method

1. Theory

In EKC, the retention factor, k, of a neutral solute can be calculated as
follows:

t � ts 0
k = (21)

t (1 � t /t )0 s m

where t0, ts, and tm are the migration times of the electro-osmotic flow, the
solute, and the microemulsion, respectively. When the volume of the mi-
croemulsion phase, Vm, is constant, k is proportional to the partition coeffi-
cient between the two phases, Pmw, as follows:

Vmk = P (22)mw � �Vaq

where Vaq is the volume of the aqueous phase. Therefore, when the parti-
tioning behavior in both the microemulsion system and the other system is
subject to the same properties of the solutes, the logarithm of k can be
represented by

log k = a log P � b (23)

This linear relationship is based on the change in the free energy in the
partitioning process between the two phases.

For MEEKC, the migration index (MI) scale is quite effective in im-
proving the reproducibility. This was introduced by Muijselaar et al. in
MEKC (44) and then modified to extend the range of the migration window
of the reference compounds as follows (47):
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MI = c log k � d (24)

where c and d are the slope and the intercept, respectively, of a calibration
line between log k values of reference solutes such as alkylbenzenes and
their carbon number. In addition, a solute, with its MI value determined
previously using alkylbenzenes, could be added to a set of the reference
standards. The MI is applied for all neutral solutes migrating from t0 to tm,
and this is independent of the volume of the microemulsion as well as the
micelles in MEKC. Therefore, the influence of the variation in the micro-
emulsion preparation is minimized.

2. Method

a. Preparation of Microemulsion. SDS (1.44 wt%), 1-butanol (6.49
wt%), and heptane (0.82 wt%) were added to the buffer solution of 50 mM
phosphate/100 mM borate at pH 7.0 and mixed by ultrasonication in a water
bath for 30 min. The transparent solution was then left to stand for 1 hour
at room temperature. The solution was filtered through a 0.45-�m filter prior
to use.

b. MEEKC Conditions. An uncoated fused-silica capillary of 50-�m
ID and 27-cm length was employed under neutral conditions. For the mea-
surement under acidic conditions, the use of dextran sulfate–coated capillary
(26,55) was effective to reduce the run time. The wavelength of the UV
detection was set at 214 nm. The applied voltage was 7.5 kV, and the tem-
perature of the capillary coolant was 25�C. The tracers for the aqueous and
microemulsion phases were methanol and dodecylbenzene, respectively. The
reference compounds were benzaldehyde, benzene, toluene, ethylbenzene,
propylbenzene, and butylbenzene. All samples were dissolved in the mi-
croemulsion solution.

C. Results and Discussion

It is well known that partitioning behavior is greatly affected by the hydro-
gen bond abilities of both the solvents and the solutes (34). To investigate
the influence of the hydrogen bond effect on the microemulsion system,
some heteroaromatic compounds, which contain a ring heteroatom such as
nitrogen, oxygen, or sulfur, and their alkyl derivatives were examined, and
the obtained MI values were compared with log Pow. Consequently, the ob-
tained MI values were highly correlated with log Pow without any correction
as follows:

log P = 0.518MI � 0.854 (25)ow

N = 53, r = 0.996, s = 0.094, F = 6083
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Fig. 5 Relationship between observed log Pow values and those calculated from MI.

where r is the correlation coefficient, s is the standard deviation from re-
gression, and F is the value of the F-ratio between regression and residual
variances. In Fig. 5, the relationship between log Pow from Eq. (25) and
observed log Pow is shown. The deviation was within 0.2 log P units for 53
solutes. Recently Klotz et al. also reported a similar observation for a wider
range of the compounds, such as pesticides (52).

1. Reproducibility

For the measurement of log Pow, a highly reproducible method is required,
because log Pow should be a single and universal scale. We reported that
batch-to-batch reproducibility of k for nitrobenzene was over 20%, compared
to less than 1% when MI was used instead of k. The RSD values for nine
solutes with log Pow of 1.10–3.37 are less than 0.7% for MI (47). This is
because MI is independent of the concentration of the components when the
structure of the aggregate is not changed (44).

2. Thermodynamic Parameters

We reported the thermodynamic parameters for the partitioning process for
14 phenol derivatives (47). Values of enthalpy and entropy changes ranged
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from �16.5 to �3.1 kJ/mol and from �9.5 to 22.3 J/mol/K, respectively.
These values in the microemulsion system were slightly larger than those in
the SDS micellar system. Regarding the free-energy changes, the micro-
emulsion was correlated with the micellar system (correlation coefficient, r,
is 0.93). However, surprisingly, not only enthalpy changes but also entropy
changes in both systems showed little correlation (r = 0.44 for enthalpy
change, 0.33 for entropy change). Interestingly, the microemulsion system
was similar to gel-phase liposome (r = 0.71 for enthalpy change, 0.75 for
entropy change), which was a more reasonable model of biomembrane, al-
though the reason for the correlation was not clear.

3. Linear Free-Energy Relationship (LFER)

The LFER, which is also known as the linear solvation-energy relationship
(LSER), was developed by Taft et al. (62) and established by Abraham and
coworkers (63). The LFER has been used for characterization of two-phase
partitioning processes of solutes such as octanol–water and chromatographic
processes such as HPLC, GLC, and TLC. The general equation is expressed
as follows:

H Hlog SP = c � rR � s� � a � � b � � vV (26)2 2 2 2 x� �
where SP is some property of a series of solutes in a given solvent system,
R2 is the excess molar refraction, is the solute dipolarity/polarizability,H�2

and � �2 are the solute hydrogen-bond acidity and basicity, respec-H� �2

tively, and Vx is the McGowan characteristic volume. The obtained coeffi-
cients indicate the contribution of each descriptor to the whole process, and
the set of these coefficients characterizes the system by comparing it with
sets from other, different systems. We applied this approach to MEEKC and
indicated that the correlation between MEEKC and octanol–water systems
is not due to some fortuitous cancellation of effects, but arises because the
solute factors that influence the two processes are exactly the same (50).

In addition, to quantify the analogy between different log SP values,
we developed an approach where the obtained coefficients are used as a
five-dimensional vector and the analogy is expressed as an angle between
two target vectors (51).

The SED coefficient vector of lipophilicity scale i (LSi), is defined→� ,i
as follows:

→� = (r , s , a , b , v ) (27)i i i i i i
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Table 2 Analogy Between Octanol–Water and
Other Systems

Analogy
ranking System

Analogy
(cos 	)

1 SDS microemulsion 0.999
2 SC micelle 0.998
3 RP-TLC 0.986
4 ODS-HPLC 0.983
5 IAM-HPLC 0.983
6 SDS micelle 0.974
7 DTAC micelle 0.972
8 Alkane–water 0.877

The analogy between LSi and LSj is expressed as cos 	ij between and→�i

as follows:→�j

→ →� ��i jcos 	 =ij → →|� �� |i j

r r � s s � a a � b b � v vi j i j i j i j i j= (28)
2 2 2 2 2 2 2 2 2 2r � s � a � b � v r � s � a � b � v� �i i i i i j j j j j

Thus, as the correlation gets higher, the value of cos 	ij gets closer to 1.
When the analogy of LSj ( j = 1, 2, . . .) to LSi is examined, the analogy
ranking of LSj ( j = 1, 2, . . .) to LSi is established according to cos 	ij.

Using this vector approach, the analogy between log Pow and other
reported systems was quantified. The results are indicated in Table 2.

Consequently, the SDS microemulsion system is the best model for
indirect measurement of log Pow. However, this is valid only for neutral
solutes. We reported that the relationship between MI and log Pow for ionic
solutes is different from that for neutral solutes (49). This would be caused
by the ionic interaction between ionic solutes and the ionic microemulsion
as well as ionic surfactant monomer in the aqueous phase. Kibbey et al.
used pH 10 buffer for neutral and weak basic compounds and pH 3 buffer
for weak acidic compounds (53). Although their purpose was to avoid mea-
suring electrophoretic mobility in the aqueous phase, this approach is also
helpful for measuring log Pow indirectly.
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D. Conclusion

Electrokinetic chromatography (EKC) using microemulsion is one of the
most powerful tools for the rapid measurement of log Pow with high repro-
ducibility. Because it is relatively easy to manipulate the pseudostationary
phases of EKC, a lot of phases have been reported for the measurement not
only of physicochemical properties but also of the separation selectivity,
such as polymer micelles (64) and double-chain surfactant vesicles (56–
58,60,61). These phases are also interesting in terms of the correlation to
bioactivity.

III. OTHER PARAMETERS

Solubility is one of the most important physicochemical properties for orally
administrated drugs, and log Pow and melting point (mp) are used as predic-
tors, because log Pow and mp are correlated with the solvation energy and
the crystal lattice energy, respectively. Recently, rapid solubility measure-
ment methods using a DMSO dissolution process were reported (3,4,65,66).
The values obtained reflect only the solvation process, not the breakage
process of the crystal packing. Therefore, these solubility values were well
correlated with lipophilicity such as log Pow. Thus, some approaches to li-
pophilicity measurement, such as MEEKC, should be helpful in predicting
solvation-solubility. However, for thermodynamic solubility, in my knowl-
edge there is no method with satisfactory throughput for a drug discovery
stage.

Membrane permeability is another important parameter for drugs, be-
cause it is related to intestinal absorption and brain penetration. Lipophilicity
is also useful in predicting these phenomena. In addition, liposome with
phospholipid would be more reliable for measuring biomembrane perme-
ability. Recently, some groups reported an EKC approach with phospholipid
vesicles (56–58).

Plasma protein binding is also an important parameter in the phar-
macokinetic field. Frontal analysis combined with capillary zone electro-
phoresis (CZE-FA) (67–69) is a powerful technique for high-throughput
assay, because it is relatively rapid and easy to automate, in comparison with
conventional methods such as dialysis, ultrafiltration, and ultracentrifugation.
Recently, we introduced the EKC approach with ionic CDs to frontal anal-
ysis for anionic drugs that cannot be analyzed by conventional CZE-FA (70).
In this approach, ionic CDs work as an EKC pseudostationary not for pro-
teins but for small solutes.

Capillary electrophoresis is also effective for monitoring the confor-
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Fig. 6 Transition temperature of protein unfolding measured by CE and CD. Pro-
teins: lysozyme from chicken egg (LYS), �-lactalbumin from human milk (LAL-h),
�-lactalbumin type III from bovine milk (LAL-III), cytochrome c from bovine heart
(CYT), recombinant dihydrofolate reductase (DHFR).

mational stability of proteins. Hilser et al. reported the analysis of thermally
induced unfolding of lysozyme using CZE (71). We also reported nanoscale
monitoring of the unfolding of recombinant dehydrofolate reductases as well
as five other proteins using an in-column incubation method (72). Figure 6
compares the transition temperatures obtained by CE with those obtained
by circular dichroism (CD).

Similar approaches were also reported for chemically induced unfold-
ing and a pH-induced one (73,74). Recently, Righetti reviewed the protein
unfolding processes measured by CE and other techniques (75).

IV. CONCLUSION

Although CE has been developed as a separation tool, it has quite useful
characteristics for measuring the physicochemical properties of drugs with
higher throughput and lower sample consumption in comparison with con-
ventional methods. With the recent advances in combinatorial chemistry and
in vitro pharmacological assay, rapid and reliable analytical methods for
physicochemical parameter measurement are required to accelerate the drug
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discovery process. To meet this demand, CE has already been used for pKa

and lipophilicity by several pharmaceutical companies for the drug discovery
stage (14,28,29,65), and it could be employed for membrane permeability
when a suitable pseudostationary phase is established. On the other hand,
proteins are also suitable for applying CE to measure their properties. As a
tool for physicochemical measurement, CE would be explored more in the
pharmaceutical or medicinal field.

ABBREVIATIONS

HEPES 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
CHES 2-(cyclohexylamino)ethanesulfonic acid
MES 2-morpholinoethanesulfonic acid monohydrate
CAPS 3-(cyclohexylamino)-1-propanesulfonic acid
CAPSO 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid
AMPSO 3-([1,1-dimethyl-2-hydroxyethyl]amino)-2-hydroxypro-

panesulfonic acid
TAPS [(2-hydroxy-1,1-bis[hydroxymethyl]ethyl)amino]-1-pro-

panesulfonic acid
Tricine N-tris(hydroxymethyl)methylglycine
MOPS 3-morpholinopropanesulfonic acid
ACES N-(carbamoylmethyl)-2-aminoethanesulfonic acid
LFER linear free-energy relationship
SED solvation-energy descriptor
SMIL successive multi-ionic polymer layers
MEEKC microemulsion electrokinetic chromatography
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Affinity of Drugs to Excipients

Manuela Plätzer and Reinhard H. H. Neubert
Martin-Luther-University Halle-Wittenberg, Halle, Germany

I. INTRODUCTION

Many techniques have been developed to measure the affinity of one mol-
ecule for another, to determine apparent equilibrium constants for molecular
association. All experimental techniques used for measuring equilibrium
constants base on titrating changes in physicochemical properties of mole-
cules depending on the concentration of the substrate. The system response
has to be different for free versus complexed molecules. Changes in size,
charge, and other properties might result in measurable differences in dif-
fusion rate (immunodiffusion, equilibrium dialysis), molecular weight (size
exclusion methods), sedimentation (ultracentrifugation), solubility, spectro-
scopic properties (fluorescence quenching, spectral shift), and electrophoretic
migration. They can be measured using spectroscopic methods, calorimetry,
potentiometry, nuclear magnetic resonance (1), ultrafiltration, or phase sol-
ubility experiments (2). Conventional methods involve the separation of
bound and free molecules through the use of filtration or equilibrium dialysis
and subsequent detection by spectroscopic methods as well as fluorescence
measurement or scintillation counting. The components of interest are ra-
dioactively or fluorescently labeled (3).

Affinity capillary electrophoresis (ACE) (4), the most common method
used in CE to determine interactions between molecules, involves measuring
changes in electrophoretic mobility of the analyte through buffer solutions
containing dissolved complexation agents. Analysis of the magnitude of the
change in mobility of the analyte, injected as sample, as a function of the
concentration of receptor yields binding constants. Some different experi-
mental setups using the analytes in background electrolyte and the receptor
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as sample are also reported. Binding constants can be calculated under the
following conditions.

The analyte must undergo a change in electrophoretic mobility upon
complexation. That’s why one of the binding partners must have a
sufficient charge.

At least one of the binding partners must be detectable by the method.
There must be a fast adjustment of equilibrium between the free and

the complexed form of analyte, compared with the separation time.
There are no interactions of binding partners with the capillary wall.
The electric field does not influence the formation.
A coelectrophoresed reference for converting detection times into mo-

bilities must not be influenced by the presence of the binding
partners.

In contrast to classical gel electrophoresis, ACE is performed in ho-
mogenous media without stabilizing agents, and almost physiological con-
ditions are possible. Mostly, modifications of the binding partners are not
required. Binding studies have been applied to proteins, antibiotics, and car-
bohydrates in aqueous as well as nonaqueous systems. The determination of
binding constants is helpful for understanding pharmacological events and
for predicting the actions of drugs and drug candidates against various com-
pounds. Studies with ACE have been used for rapid screening as well as for
determination of binding constants of particular ligands and receptors.

ACE (5–7) is suitable for investigating even slight interactions, using
simple experimental conditions. This method needs only small quantities of
binding partners. An analysis of mixed analytes is made possible by inter-
preting migration times instead of peak areas.

A. Excipients

This section reviews the binding studies performed to characterize interac-
tions between possible excipients and drugs. The main focus is on cyclo-
dextrin–drug interactions, because in the literature there are a lot of papers
dealing with the determination of their binding constants. Furthermore a lot
of basic research work concerning the mathematical descriptions and the
effect of changing conditions was performed on these systems. Therefore,
cyclodextrins and the mathematical description of their interactions with
drugs are extensively discussed here. Other excipients of interest are shown
in the following overview (Table 1) and will be discussed shortly in the text.
Food components are also able to modify the bioavailability of drugs. These
important effects are not well explored and there are only a few papers
dealing with their prediction using affinity capillary electrophoresis. The
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Table 1 Excipients and Food Components of Interest for Affinity
Capillary Electrophoresis

Carbohydrates Cyclodextrins
Biopolymers Hyaluronic acid

Heparin
Pectins
Carrageenan
Cellulose, starch

Proteins Albumin
�1 Acid glycoprotein
Specific target proteins

Food components Fatty acids
Proteins
Carbohydrates

majority of these investigations was performed using different carbohydrates
as binding partners.

The interactions between drugs and proteins such as albumin, acidic
glycoprotein, and other possible target proteins are discussed in specific
chapters. Some important applications of ACE concerning drug carrier sys-
tems (simple and mixed micelles, microemulsions, liposomes) are covered
in subsequent chapters of this book.

II. CYCLODEXTRINS

Cyclodextrins (CDs) are cyclic, nonreducing oligosaccharides obtained from
enzymatic degradation of starch. The most common forms are the �-, �-,
and �-species, composed of 6, 7, and 8 �-(1 → 4)-linked glucopyranose
units, respectively (8). See Fig. 1. Cyclodextrins are water soluble, since all
of the free hydroxyl groups are oriented to the outer surface of the ring. As
a result the internal cavity is relatively hydrophobic. And CDs are capable
of accommodating guest molecules that fit into their characteristic cavities
(4.5–8 Å) and thus to form inclusion complexes. This inclusion phenomenon
may be stereoselective because of the chiral properties of the constituent
glucose molecules (9).

The inclusion into the hydrophobic cavity causes modifications of sol-
ubility, bioavailability, and delivery properties of many bioactive molecules.
Furthermore the stability of many guest molecules is improved, e.g., against
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Fig. 1 Structure of common cyclodextrins.
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heat, oxidation, hydrolysis, or evaporation. For that reason, they are used in
pharmaceutical formulations to modify the bioavailability of drugs by en-
hancing solubility, controlling drug delivery, or improving stability (10). In
general, only the free form of drugs administered as CD complexes is ab-
sorbed through biomembranes, and the rate of absorption may therefore
depend on the binding strength of the inclusion complex. Thus a strong
complexation may counteract the bioavailability. Cyclodextrins are also used
in the food, cosmetics, and textile industries. In the chemical industry they
are used as catalysts. On the other hand, CDs have been used extensively
as chiral selectors for analytical methods such as HPLC, GC, SPE, and CE.
Gas chromatography (GC) at chiral columns is effective for the direct en-
antiomer separation of small vaporized compounds. A high number of sep-
arations of pharmaceutical compounds at chiral stationary phases in HPLC
have been described (11). The merits of the CE enantiomeric separation are
its high separation efficiency, low operating costs, high versatility, and ex-
tremely small volumes of sample and media. The easy change of separation
media enables rapid method development and optimization. Furthermore,
CDs do not interfere with UV-photometric detection. Therefore, the electro-
phoretic separation is largely studied as an alternative or complementary
technique to conventional chromatographic methods. The optimum condi-
tions of enantiomeric separations can be well predicted on the basis of the
binding constants. The more the binding constant varies between the (�)
and the (�) form of the analyte, the higher is the selectivity of the sepa-
ration. The optimum concentration is inversely proportional to the average
of the binding constants, while the difference in electrophoretic mobilities
of the enantiomer pair correlates well with the relative difference of their
binding constants. An extensive review of enantiomeric separations using
CDs in CE was given by Chu and Cheng (12). Furthermore, there is a
growing field of enantiomer separations by electrochromatography utilizing
CDs as stationary phases (13). For details see Chapter 8 by Blaschke and
Chankvetadze.

The formation of inclusion complexes is influenced mainly by steric
parameters of ligands (geometry and size) and by the possibility of creating
hydrophobic interactions and hydrogen bonds (physicochemical properties).
Hydrophobic interactions predominate in the cavity, and they can act in
concert with polar interactions that occur with hydroxyl groups located at
the outer lip of the CDs. There are no covalent bonds (14).

Cyclodextrins are commonly available in three different sizes (i.e., �,
�, �), and further CD derivatives are now commercially obtainable. Native
CDs are often used in CE, since they are not very expensive and numerous
compounds are baseline-resolved in chiral separation using CD as buffer
additives. �-Cyclodextrin interacts with a wide variety of compounds, but
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a serious limitation to its broader employment is its unusually low solubility
in water. Therefore, derivatization, especially of � -CD, is applied to over-
come this problem and to increase the complex stability by enabling more
specific interactions between the analytes and the CDs. The hydroxyl
groups on the exterior of CDs are accessible as starting points for structural
modification; therefore, various functional groups have been incorporated
in CD molecules to change both the polarity and the shape of the cavity.
As a result, a variety of drugs may be incorporated into one of these
derivatives and a better stereoselectivity through stricter sterical require-
ments for complexation is reached. Another advantage is the reduced
nephrotoxicity in comparison with � -CD, which is explained by the im-
proved solubility (15). Table 2 gives a survey of different chemically mod-
ified CDs. The abbreviations printed in parentheses are used in the follow-
ing text. In addition to the substituent type, the mean number of derivatized
hydroxyl groups in the CD molecule is important for the capability of the
derivative to separate chiral compounds (16). Therefore, the degree of sub-
stitution (DS) has to be declared for commercial products. Unfortunately,
there are often complex mixtures of homologues and isomers, differing in
their degree of substitution, resulting from each reaction, and the DS is
only an approximate value characterizing the composition. Note that the
DS, included in Tables 2 and 5, is defined as the number of functionalized
groups per CD, not per glucose unit.

The introduction of charged CDs has merits for enantioseparation, be-
cause their addition to the running buffer allows the separation of electrically
neutral analytes. Furthermore, they enable better resolution of analytes bear-
ing the opposite charge, owing to an enlarged separation window and ion-
pair interactions (17). The countercurrent migration principle of negatively
charged CDs allows coupling CE to mass spectrometry (MS) without con-
taminating the ion source and losing signal intensity (18). Using highly
alkaline pH values the native CDs (pKA approximately 12) can also act as
negative buffer additives (19).

A further modification is the creation of polymers out of CDs, which
are also used for enantioseparations (20–22). They are obtained by radical
copolymerization and often exhibit enormous solubility (23).

Cyclodextrins are difficult to analyze because they show no appreci-
able UV absorbance and are often uncharged. Furthermore, they are not
easy to label with visualizing agents because of their low reactivity. There-
fore, cyclodextrins are often detected as inclusion complexes (45,46). A re-
view dealing with the detection and separation of cyclodextrins as well
as the determination of binding constants is given by Larsen and Zimmer-
mann (47).
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Table 2 Different Types of Cyclodextrins with Their Functional Groups

Neutral CDs
Native �-, �-, �-CD —
Methyl-CD (Me):

DS 14: dimethyl-�-CD (DM),
DS 21: trimethyl-� (TM)

—CH3

Ethyl-CD (Et) (24) —CH2—CH3

Octyl-CD —(CH2)7—CH3

Hydroxyethyl-CD (HE) —CH2—CH2—OH
Hydroxypropyl-CD (HP) (15,25) —CH2—CH2—CH2—OH or

—CH2—CHOH—CH3

Glucosyl-CD (Glu)

Maltosyl-CD (Malt) (17) and other
branched CDs

Acetyl-CD (Ac) (26) —CO—CH3

2,6-Di-O-methyl-3-O-acetyl (DMA)
(27)

Me and Ac

Anionic CDs
Sulfoethylether-CD (SEE) (28,29) � �—(CH ) —SO Na2 2 3

Sulfopropylether-CD (SPE) (30) � �—(CH ) —SO Na2 3 3

Sulfobutylether-CD (SBE) (28,31) � �—(CH ) —SO Na2 4 3

Carboxymethyl-CD (CM) (32) —CH2—COOH
Carboxyethyl-CD (CE) (32) —CH2—CH2—COOH
Phosphate-CD (Ph) (33,34) Na��—PO3

Sulfated CD (Sul) (35) � �—SO Na3

Succinyl-CD (Suc) (32) —CO—CH2—CH2—COOH

Cationic CDs (quaternary ammonium-CD)
O-(2-Hydroxy-3-trimethyl-ammonio-n-

propyl)-�-CD (HTMAP) (30,36)

Mono-(6-amino-6-deoxy)-CD (NH2)
(37,38)

—NH2
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Table 2 Continued

6-Methylamino-CD (MeNH) —NH—CH3

6A,6D-dimethylamino-�-CD (—NH—CH3)2

Heptamethylamino-�-CD (39) (—NH—CH3)7

6-Trimethylammonio-deoxy-CD (TMA) —N(CH3)3

6[(3-Aminoethyl)amino]-6-deoxy-CD
(AEA)

—NH—CH2—CH2—NH2

Histamine-modified CD (40,41):
6-Deoxy-6-N-histamino (hm)
6-Deoxy-6-[4-(2-amino-

ethyl)imidazoyl] (mh)

1-(1-Naphthyl)ethylcarbamoyl-CD
(NEC) (42)

Zwitterionic CDs
Mono-(6-�-glutamylamino-6-deoxy)-�-

CD (GluNH) (43)

6A-(Carboxymethyl)thio-6B-amino-6A,6B-
dideoxy-�-CD (44)

—S—CH2—COO��—NH ,3

6A-Pyrrolidinyl-6B-(O-carboxy-
phenyl)thio-6A,6B-dideoxy-�-CD
(44)

Amphoteric CD: CM-/QA-CD (36) HTMAP and CM

A. Determination of Binding Constants

The principle of ACE is shown in Fig. 2. The receptor is usually dissolved
at a certain concentration in the buffer electrolyte, which is in both electrode
vessels and in the capillary. Maintaining all other conditions constant, only
the concentration of the receptor in the buffer system is varied in a defined
concentration range. The drugs (center molecules/ligands) are injected as a
narrow sample zone. While migrating through the tube, the drugs interact
with the receptor molecules. As a consequence the magnitude of electro-
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Fig. 2 Schematic principle of ACE: interaction between a hydroxypropylated CD and propranolol.
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phoretic mobility changes, depending on the magnitude of binding constant
as well as the concentration, size, and charge of the binding partners. The
electrophoretic mobility � of a molecule in free solution is proportional to
its electrical charge, q, and inversely related to the hydrodynamic radius, r,
which depends on the molecular mass, M. One of the most widely used
mathematical descriptions of this relationship was found by Offord (48) and
is shown in Fig. 2. If the drug binds to a cyclodextrin, the change in �
occurs due to the change in the mass . There is no change in netMD � CD

charge using neutral CDs because they have no electrical charge in aqueous
solution below pH 12 (�ep = 0 cm2 V�1 s�1). Using ionic CDs, electrostatic
interactions also play a role, and stronger interactions are often observed.

By increasing the amount of neutral CDs in the running buffer, the
peaks of drug shift toward the position of neutral molecules [electroosmotic
flow (EOF)], the mobilities decrease. This phenomenon is based on the in-
crease in mass of inclusion complexes, compared with free drug. With
increasing concentration of CD in the buffer, the degree of complexation
increases to an equilibrium. The greater the change of the electrophoretic
mobility of the drug affected by the CD, the more accurate is the measure-
ment of the binding constant.

The electrophoretic mobility of the drugs is determined from the elec-
tropherogram by the known equation, taking into account the electro-osmotic
flow. Often, small and highly hydrophilic compounds, which are not retained
by the CDs, are preferred to measure the EOF. Methanol, acetone, benzyl
alcohol, mesityl oxide, and dimethylsulfoxide (DMSO) are frequently used
marker substances. As shown by Berglund et al. using 1H-NMR spectros-
copy, the presence of DMSO did not lead to a shift of H-3 and H-5 protons
of CD located in the hydrophobic cavity, and thus there is no evidence for
an interaction between DMSO and CDs (49). Note that migration times are
inversely proportional to electrophoretic mobilities and should not be di-
rectly substituted for mobilities (50). The electrophoretic mobility of the
drug in free solution, �D , can be determined from an experiment without
CD in the running buffer. Because of using only the migration time of the
drug, not its peak area, exact concentration does not have to be adjusted as
long as the peak is still detectable in the electropherogram. Another advan-
tage of ACE is that there is no need of absolute purity of the drug, due to
the electrophoretic separation from other compounds. A marker that binds
completely to the charged cyclodextrins could be used to measure �DCD . To
date, however, accurate markers have been available only for micellar sys-
tems. Therefore, the complex mobility has to be calculated or estimated via
a multipoint graph.

Figure 3 shows typical electropherograms of propranolol using differ-
ent concentrations of cyclodextrin [CD] in the running buffer. There is a
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Fig. 3 Electropherogram of propranolol HCl for three different concentrations of
HP-� -CD (0, 0.952, and 5 mM), phosphate buffer 10 mM, pH 7.4 (separation con-
ditions: fused-silica capillary 560(645) � 0.05 mm; pressure injection 250 mbar s;
30 kV).
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change in mobility of propranolol. With increasing amounts of neutral CD,
the peaks of drug shift toward the EOF and the mobilities become smaller.
With increasing concentration of CD in the buffer, the degree of complex-
ation increases.

There are several ways to estimate binding constants. For graphical
determination, the electrophoretic mobilities are plotted against the log-
arithm of the complexing agent’s concentration. At the inflection point, half-
complexation occurs and the constant is equal to the reciprocal of the con-
centration of the complexing agent (51). From the plateaus of the graph, the
mobilities of free and complexed forms of the drug are determinable.

A mathematical description based on the mass action law was derived
in Chapter 2. In this ideal system, the change in drug mobility observed
when the CD is introduced into the capillary is caused solely by the com-
plexation of the drug with the CD:

[DCD ] kn BK = = (1)B n n[D][CD] [CD]

[D] represents the concentration of free drug, [CD] is the concentration of
cyclodextrin in running buffer, and [DCDn] is the concentration of the cy-
clodextrin–drug complex. The capacity factor kB represents the ratio of
bound to dissolved drug. The value of unknown stoichiometric coefficient,
n, describes the sum of all equilibria and can be a rational number equal to
or greater than zero. The effective mobility �eff of drug in a solution con-
taining CDs is the weighted average of the mobilities of the drug in free
and complexed states, where is the mobility of the CD–drug complex,�DCDn

which is derived from the maximum peak shift. Because of the size relations
between drugs and CD, the stoichiometric coefficient n should not exceed
a value of 2. Provided that there is a slight difference between the migration
times of aggregates (�DCD � ) but a significant difference between the�DCDn

mobilities of free and bound drug (�D ≠ �DCD), the effective electrophoretic
mobility is given by

1 K [CD]B
� = � � � (2)eff D DCD1 � K [CD] 1 � K [CD]B B

The formation constants and complex mobilities were calculated by several
groups, assuming a 1:1 interaction (stoichiometric coefficient n = 1) based
on this derivation but by different mathematical approaches.

After rearranging Eq. (2), the values of �DCD and KB can be estimated
by nonlinear least squares curve-fitting methods (similar to the Michaelis–
Menten equation) or the expression can be rearranged under different linear
forms (y = mx � n), where y = (�eff � �D) and x = [CD]. Well known are
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the double reciprocal plot (a plot of 1/y versus 1/x, where KB = n/m), the y-
reciprocal plot (plotting x/y versus x, where the binding constant is KB =
m/n), and the x-reciprocal plot (or Scatchard plot), where a plot of y/x versus
y yields the binding constant KB from the negative slope (�m).

While the linear transformations appear to be identical, since one equa-
tion can be algebraically rearranged to produce the others, these plotting
methods are not necessarily equivalent, due to the difference in the relative
uncertainties in the x and y variables before and after transformation for
plotting (50). These problems have been thoroughly documented and ex-
plained by Rundlett and Armstrong (52–54). Linear plotting methods can
give binding constants and other parameters that are comparable to those
obtained from nonlinear curve fitting provided that the data are properly
weighted for linear regression. When the data are not weighted, the double
reciprocal plot places too much emphasis on the data points taken at low
CD concentration. Therefore, the estimated mobility of complexes resulting
from the point of intersection with the ordinate is more uncertain. In addi-
tion, compared to other plotting methods, the double reciprocal plot can
mask deviations from linearity. The x-reciprocal plot has been criticized for
using the dependent variable on both the x and y axes, thus complicating
statistical analysis.

The influence of increasing buffer viscosity by adding CDs is often
corrected by using the EOF in calculating mobilities. Chen and coworkers
have found a viscosity correction factor ( f = �[CD]/� 0) to improve the cal-
culation of partition coefficients (55). All mobilities must be converted to
an ideal state where the drug mobility is affected only by the binding with
the receptor (�corr = f��eff). The factor exceeds 1.1 above a CD concentration
of 20 mM. Therefore, it is useful to apply this factor to calculations using
higher CD concentrations. The same group also investigated the complex-
ation when more than one additive species is present in the BGE. There are
some other papers that describe the viscosity correction via the use of rel-
ative current values. Increasing the receptor concentration may also change
the conductivity and ionic strength of the BGE, thus changing electropho-
retic mobilities.

As an example for calculating binding constants by the different equa-
tions, the interactions between three �-blockers and HP-�-CD are examined.
The plots are shown in Fig. 4. The effective mobilities are corrected by the
use of the viscosity correction factor introduced by Chen et al. (55).

The calculated binding constants assuming a 1:1 interaction are listed
in Table 3. There is a clear difference between the plotting methods. Only
by using the x-reciprocal plot does it become clear that there seem to be
higher order equilibria between the compounds. The nonlinear regression
leads to similar results as with the y-reciprocal fit. The double reciprocal
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Fig. 4 Interaction of HP-� -CD with three � -blockers: (A) nonlinear curve fitting, (B) double reciprocal fit, (C)
x-reciprocal fit, (D) y-reciprocal fit. Experimental conditions same as in Fig. 3.
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Table 3 Binding Constants Calculated by Using Equations Assuming a 1:1
Complexation Stoichiometry

Nonlinear fit

Double
reciprocal,
weighted x-reciprocal y-reciprocal

Atenolol 32.31 � 3.28 101.52 � 40.26
43.47 � 13.98

46.45 � 6.99 43.62 � 5.21

Metoprolol 170.09 � 12.13 307.42 � 37.26
253.35 � 22.32

217.83 � 15.72 196.81 � 14.30

Propranolol 157.46 � 13.10 290.83 � 46.46
213.60 � 23.88

201.93 � 19.87 179.11 � 14.23

plot shows similar results to the x-reciprocal plot only when the data are
weighted (low-CD-concentration data show a smaller influence). The cal-
culated values of binding constants increase in the order of nonlinear fit, y-
reciprocal fit, x-reciprocal fit, and double reciprocal fit. There is also a sight
increase in relative deviation. It becomes clear that weak interactions (aten-
olol) are better described by nonlinear-fitting methods. Nevertheless, binding
constants show the same tendency when calculated by all of the plotting
methods. But the data presented clearly show that the constants determined
by the different methods are not directly comparable.

It is interesting that not just the lipophilic character of the drugs (in-
creasing from atenolol to propranolol) determines the strength of interaction,
but also the molecule size. The aromatic ring system of propranolol is bigger
than that of metoprolol. The hydrophilic side chain is exactly the same for
all compounds. Therefore, the data presented give evidence for the assump-
tion that only the aromatic rings are included in the cavity of the CD. There
is a second side chain at metoprolol and atenolol, which has a rather hydro-
philic one. Note also that by using derivatized CDs, the constants may vary
with the degree of substitution of the batch used. Using HP-�-CD with a
higher degree of substitution (7.3 instead of 4.7), the binding constants of
metoprolol and propranolol decrease, whereas the constant of atenolol in-
creases (data not shown). A possible explanation is that by the increase in
hydroxypropylic groups, the accessibility of the hydrophobic cavity de-
creases (steric hindrance) but the ability to form hydrogen bonds increases.

Average values of complex mobilities obtained using nonlinear curve
fitting assuming a 1:1 interaction were used to calculate the stoichiometric
coefficients and stability constants through another nonlinear curve fitting
[Eq. (3)]. The �DCD values were applied because they show a good approach
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Table 4 Binding Constants and Stoichiometric
Coefficients According to Eq. (3)

KB [M�1] n

Atenolol 35.4 � 3.1 0.976 � 0.034
Metoprolol 146.7 � 15.9 0.988 � 0.055
Propranolol 138.5 � 6.72 0.885 � 0.019

to real values, which can be estimated by extrapolation of the diagrams of
mobilities (56):

� � �D effnK [CD] = (3)B
� � �eff DCDn

This equation is also known as the mobility ratio method for determination
of KB assuming a 1:1 interaction. Under the simplification that all complex
mobilities are equal, the stoichiometric coefficient can be calculated. The
calculated values for the three �-blockers are summarized in Table 4. The
values for the binding constants are in good accordance with the data re-
sulting from nonlinear and y-reciprocal fitting. Although the x-reciprocal
plots of Metoprolol and Propranolol showed nonlinear behaviour only for
Propranolol a stoichiometric coefficient under 1 was calculated. This indi-
cates that beside 1:1 complexes between drug and cyclodextrin also 2:1
complexes are possible. Another explanation of the nonlinear behaviour is
that at low CD concentrations are to many drug molecules present in com-
parison with CD molecules and there is no proper adjustment of the
equilibrium.

The results for KB using the different methods are not directly com-
parable. KB values resulting from assumption of a 1:1 interaction are con-
secutive constants, whereas values calculated in the second case represent
the product of all equilibria. Nevertheless the strength of interactions tends
to be the same for each drug investigated.

A number of ACE assays dealing with the characterization of inter-
actions between cyclodextrines as auxiliary substances and drugs have been
presented. Other authors put more emphasis on the description of separation
phenomenona by determination of binding constants. Model substances such
as phenols are often used to examine the influence of ligand size and sub-
stitution as well as to evaluate the mathematical approaches for the calcu-
lation of binding constants.

A complex overview of the current literature is given in Table 5. There
the method used for the determination of binding constants is listed in ad-
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dition to the binding partners used. The rightmost column gives the reference
number and lists some additional information from the publication.

The addition of organic solvents to the background electrolyte often
yields reduced binding constants. It is known that methanol is able to form
complexes with CDs. That leads to a competition of the background modifier
with the analyte. Another reasonable explanation for the reduced binding
constants is given by Penn et al. (91), who found no influence of the modifier
on the selectivity of enantioseparation. This is explained by the enhanced
affinity of the analytes to the bulk buffer, which was quantified by the in-
creased solubility of the analyte in organic solutions. The binding constants
in 2H2O are 10–30% greater than those in H2O as background electrolyte
(95), which was explained by the stronger hydrogen bonding of 2H2O. By
comparing the influences of different CDs on drug mobility it was seen that
�-CDs show greater effects on mobility than �- and �-CDs. One of the
most important reasons is the volume of the cavity of the CDs: �-CD has
a small one, �-CD a rather big one. Therefore, �-CDs showed interactions
with compounds with a single aromatic ring and a limited number of sub-
stituents. The p-phenolates exhibit higher binding constants to �-CD com-
pared with their o- and m-homologes. �-CD is suitable to bind bigger mol-
ecules, such as polycyclic aromaytic hydrocarbons. The cavity of �-CD
seems to be the most suitable for most drugs to fit in. The affinity favored
by one of the derivatized �-CDs depends on the structural properties of each
drug.

Generally, lipophilic substances show strong interactions with all CDs,
but steric effects have greater influence on complexation than dissociation
degree. There are only a few papers examining stoichiometric coefficients.
Our own calculations confirm that the stoichiometric coefficients are almost
1 for all examined drugs. But there are some exceptions, like ibuprofen and
ketoprofen. These substances show maximum formation constants with �-
CDs, and stoichiometric coefficients from 0.7 to 1.3 were calculated. Ex-
amining different profenic acids it was shown that nearly all molecules are
incorporated into the cavity because the saturation equilibrium is reached at
a concentration of �-CD higher than 6 mM. Hydrophilic substances show
fewer interactions than lipophilic ones.

III. SACCHARIDES AND PECTINS

Drugs interact not only with proteins but also with other compounds present
in the body. There are different saccharides arising from food components
or peroral formulations. It is widely known that food components can lead
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Table 5 Papers Describing the Determination of Binding Constants Between CDs and Small Compounds

Substance Cyclodextrin used Analysis Reference; comments

Amino acids
Acetyl-phenylalanine (D, L) 6-TMA-6-deoxy-� (DS 1) Nonlinear regression 57
Alanylphenylalanine,

leucylphenylalanine
� Double reciprocal 58; addition of urea, �-correction, pH-in-

dependent KB

Dansyl-amino acids HP-� (DS 6.3) Nonlinear regression 59; pH dependence, pKa shift during
complexation

Dansyl-amino acids � Double reciprocal 60; nonaqueous CE (N-methylformamide),
�-correction

Dansyl-amino acids � Nonlinear regression 61; estimation of Stokes radii and diffusion
coefficents

Dansyl-amino acids � Mobility ratio 62
Dimethylamino-naphthalene

Sulfonyl-amino acids
(�, HP-�), � Nonlinear regression 63

Dinitrobenzoyl-amino acids �-CD
NEC-�-CD

Linear mobility ratio
method

42
KB not determined for NEC-�-CD

Dipeptides (Ala-Phe, Phe-Phe) CM-� (DS 3.5), succinyl-
� (DS 2.8)

Nonlinear regression 64; �-correction

Tryptophan � Nonlinear regression 65; �-correction

Possible drugs
Adamantane carboxylic acids �, CM-�, Me-� x-reciprocal 66; indirect detection (sodium chromate)
Amphetamine Me-� Graphical methods

Double reciprocal
x-reciprocal
y-reciprocal
Nonlinear regression

67; correlation between log P and KB
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Benzoate � Nonlinear regression 61
Benzylamine; salicylic, sorbic,

and 1-naphthylacetic acid
�, �, �, Me-�, HP-� Nonlinear regression 46; indirect detection

Carprofen, flurbiprofen, keto-
profen, naproxen, suprofen,
benzoin, methylether
benzoin

CD-NH2, TM-� Graphical method 38; KB in dual systems

Carprofen, flurbiprofen, keto-
profen, naproxen, suprofen,
pranoprofen, indoprofen

�, HP-�, HP-�, DM-�,
TM-�

Mobility ratio 68; log K values

Chlorprenaline, primaquine,
sulpiride

Ph-� Double reciprocal 34

Chlortalidone CD-NH2 Graphical method 37
Homatropine � Nonlinear regression 69; considered dissociation constants [pH]
Ibuprofen � Nonlinear regression 70; effect of temperature, KB for charged

and uncharged drug
Ibuprofen, fenoprofen � Nonlinear regression 71; considered dissociation constants [pH]
Ibuprofen, salicylate, benzo-

ates, adamantane
carboxylate

�, �, �, �, �, �, �, � y-reciprocal 72; drug in BGE, CD as sample according
to IAD method of Ref. 46

Imidazoles (bifonazole, sul-
conazole, econazole, oxi-
conazole, miconazole,
clotrimazole,)

� Nonlinear regression 73; �-correction, determination of stoichio-
metric coefficients

Leucovorin, 5-methyl-
tetrahydrofolate

� Nonlinear regression 74; addition of urea, �-correction of
velocities

Mandelic acid � Nonlinear regression 75
Methylbenzoates � Nonlinear regression 76; influence of counterions, comparison

with retention factors in HPLC
Naproxen HP-� Nonlinear regression 77; pH dependence
Nicotine � x-reciprocal 49; pH and T dependence of KB
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Table 5 Continued

Substance Cyclodextrin used Analysis Reference; comments

Nucleotides � y-reciprocal 78; �-correction, model for predicting mi-
gration times

Orciprenalin Me-� (DS 10.5–14.7) Linear plot including
plug length

79; partial filling technique

p-Aminosalicylic acid (PAS),
dimethylamino benzoic
acid (DMAB)

�, �, Me-� (DS 12.6),
DM-�, TM-�, HP-�

Nonlinear regression 80; indirect detection, separation of amino
acids with PAS/DMAB in BGE

Phenylalkylamine derivatives DM-� Nonlinear regression 81; MeOH influence, �-correction using
current

Propranolol �
Me-�

Nonlinear regression 62
82–84; � correction using current, no KB

Quinine, propranolol, tetracy-
cline, ibuprofen, ketopro-
fen, salicylic acid

�, �, �, HP-�, Me-� Double reciprocal
x-reciprocal
Nonlinear regression

56; modified analysis, determination of
stoichiometric coefficients

Retinoic acid Me-� Graphical method 51
Rutin Me-� Graphical method 85
Salbutamol �

Et-� (DS 13.9, 14.8)
Nonlinear regression 86; �-correction, pH and T dependence of

KB

Salbutamol and impurities DM-� Nonlinear regression 87
Sulfonamides � Nonlinear regression 88
Ticonazole HP-�

�
�, Me-�, DM-�, HP-�

(DS 4.9–7)

Nonlinear regression 89; MeOH as additive reduced KB

90; ACN influence (reduced KB)
91; MeOH and cyclohexanol as additive

(reduced KB)
Uniconazole, diniconazole CM-� Double reciprocal

x-reciprocal
y-reciprocal

92; influence of T
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Model substances
Benzopyrenes �, �, HP-� Capacity factors

calculated
93; capacity factor in presence of SDS,

2-propanol, and acetonitrile; bile salt mi-
celles were not compatible with CD

Biphenol, phenylphenol,
phenol

HP-� Double reciprocal
x-reciprocal
y-reciprocal

94; higher-order equilibria

2-Naphthalenesulfonate � Double reciprocal 95; substituion of H2O in buffer by 2H2O
leads to an increase in KB

p- and m-Nitrophenol � Double reciprocal
x-reciprocal

52

2-Phenoxypropionic acid, 2-
(4-chlorophenoxy)propionic
acid

HP-� y-reciprocal
Mobility ratio

52

o-, m-, p-Nitrophenolates �, � Double reciprocal 96
o-, m-, p-Nitrophenolates �, �, HP-�, HP-�, Me-� Nonlinear regression 97; �-correction
Phenol, p-nitrophenol, benzoic

acid
�, HP-� Double reciprocal 55,98; capacity factor, �-correction, mix-

ture of CDs in BGE
Phenol, naphthol HP-�, SBE-� Nonlinear regression 99; �-correction, mixtures of CDs in BGE
Tetraphenylborate, tetraphe-

nnylphosphonium ions
�, DM-�, � Nonlinear regression 100; calculation of absolute mobilities and

hydrodynamic radii, �-correction
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to a modification of the bioavailability of drugs. Predicting these effects is
difficult.

Polysaccharides in general show a wide enantioselectivity, which can
be partly ascribed to their helical structure. Malto-oligosaccharides are
formed by acidic or enzymatic degradation of starch. Helices, composed of
six glucose units each, of linear �-1.4-glucosides with different chain
lengths, can form inclusion complexes with some low-molecular-weight sub-
stances. Malto-oligosaccharides are widely used as chiral selectors for the
separation of pharmaceuticals by capillary electrophoresis. One of the first
papers is from D’Hulst and Verbecke (101), and several groups also per-
formed such separations (102). The separation efficiency often increases with
the number of hexoses in the chain. Furthermore it was shown that malto-
dextrins are highly efficient in separating acidic (103,104) as well as basic
drugs (105). Interactions between different starch degradation products and
the �-blocker propranolol were studied using permeation experiments as
well as ACE (106). In the presence of malto-oligosaccharides, the transport
of propranolol across artificial lipid membranes was retarded. Affinity cap-
illary electrophoresis of the drug with starch in the background electrolyte
showed only slight interactions. Such interaction was too small for the re-
liable determination of binding constants, but it could be responsible for the
retarded transport across the membranes.

Dextrins, polysaccharides derived from starch, are mixtures of linear
�-(1,4)-linked D-glucose units, whereas dextrans, which are storage poly-
saccharides produced by yeast and bacteria from sugar, are polymers in
which the glucose units are joined almost exclusively by �-(1,6)-linkages.
Several dextrans and dextrins were used by Nishi et al. for enantioseparation
of drugs (107). Additionally, they determined the capacity factor using an
equation derived from the mobility ratio method. There was an increase in
capacity factor with increasing polysaccharide concentration.

The complexation of polyiodides and dextrinoligomers was studied by
Hong et al. (108). The effects of the degree of polymerization, the I2 /I� ratio
as well as buffer pH and ionic strength were investigated. The same group
used fluorescently labled amylodextrin oligomers to study certain carbohy-
drate–drug interactions (109). The drugs were used as buffer additives, and
the separation pattern of the oligomers injected as sample was investigated.
The pH, the ionic strength, and the organic additives to the buffer, as well
as the nature of the drugs, played an important role in complexation. The
results of electrophoresis were in close agreement with a previous 13C NMR
study.

The same group investigated the separation of fluorescently labled sug-
ars by different CDs as well as linear polysaccharides (dextrin 10, dextran,
laminarin, and alginic acid) and oligosaccharides in the presence of borate

© 2003 by Marcel Dekker, Inc.



(110). None of the saccharides, except for dextrin 10 and malto-oligomers,
displayed enantioselectivity for the sugars as the CDs.

The dependence of the mobilities of amylopectin and amylose on io-
dine concentration in the background electrolyte and applied temperature
was studied by Brewster et al. (111). The method was used for the separation
and identification of different plant starches, but no binding constants were
calculated.

Interactions between acetylated and amidated pectins (1.4-�-glycosidic
bond galacturonic acid) and different drugs were studied using ACE. It was
shown that ACE is a suitable method for characterizing these interactions at
the molecular level. Calculating the equilibrium binding constants, it was
found that the structure and size of the drugs used have a stronger influence
on the binding of drugs to pectins than charge and hydrophilic character
(112).

The highly charged mucopolysaccharide heparin, extracted from bo-
vine lung tissue and intestinal mucosa of pigs and cattle, has a large number
of sulfate groups, which are responsible for its strong anionic character, good
aqueous solubility, and electrophoretic mobility. It is composed of alternating
�-1,4-linked glucouronic acid (partially sulfated at C2) and N-sulfated glu-
cosamine. Stalcup and Agyei reported chiral discriminating abilities of hep-
arin for drugs containing at least two nitrogens, with one of them incorpo-
rated in an heterocyclic aromatic ring (113). The authors concluded that the
chiral mechanism is a combination of ionic, hydrogen-bonding, and hydro-
phobic interactions, by which the superstructure of heparin may play a role.
Heparin and chondroitin sulfate, also an acidic mucopolysaccharide, were
used as chiral selectors for neutral and basic drugs (114).

Hyaluronan (HA) is an acidic linear mucopolysaccharide, consisting
of regularly alternating units of N-acetylglucosamine and glucuronic acid
linked by 1,4- or 1,3-�-glycosidic bonds. Hyaluronan, as well as its salt
hyaluronate, is a component of skin, the vitreous humor of the eye, the
synovial fluid, and other tissues. It plays an important role in stabilization
of the vitreous gel structure. Like the other substances, HA is able to interact
with a wide variety of drugs. Because of the high increase in viscosity with
increasing concentrations of HA in the BGE, effective correction modes have
to be applied for determination of binding constants. Furthermore, the var-
iation in chain length may influence the separations.

Carrageenans, composed of repeated sulfated and nonsulfated galac-
tose and 3,6-anhydrogalactose units joined by alternating �-(1,3)- and �-
(1,4)-glucosidic linkages, as well as chitosan, are applied in tablet formation.
Because of the sulfatation, interactions with cationic drugs are likely. Beck
and Neau used a �-carageenan for enantiomeric separations of propranolol,
pindolol, laudanosine and other drugs (115,116).

© 2003 by Marcel Dekker, Inc.



Nishi has found that chondroitin sulfate A and C are more effective in
the resolution of basic drugs than dextran or dextrin and even dextran sulfate
because of additional ionic interactions with sulfate or carboxylic groups.
The small ionic character of chondroitin sulfate C leads to large enantiose-
lectivity under acidic conditions, whereas heparin was not so effective. Using
neutral polysaccharides, only hydrophobic interactions and hydrogen bond-
ing may occur (117).

The effect of an additive (Brij 35) on the mobilities of different por-
phyrins (photodynamic anticancer drugs) was studied in a nonaqueous cap-
illary electrophoresis system based on a 1:1 complexation model (118).

The interactions of drugs with various amphiphilic substances, which
could be used as excipients, are discussed in the next chapter.
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Santé, Paris, 1991.

10. J Szejtli. Cyclodextrin Technology. Kluwer, Dordrecht, 1988.
11. F Bresolle, M Audran, T-N Pham, JJ Vallon. Cyclodextrins and enantiomeric

© 2003 by Marcel Dekker, Inc.



separations of drugs by liquid chromatography and capillary electrophoresis:
basic principles and new developments. J Chromatogr B 687:303–336, 1996.

12. Y-H Chu, CC Cheng. Affinity capillary electrophoresis in biomolecular rec-
ognition. Cell Mol Life Sci 54:663–683, 1998.

13. V Schurig, D Wistuba. Recent innovations in enantiomer separation by elec-
trochromatography utilizing modified cyclodextrins as stationary phases. Elec-
trophoresis 20:2313–2328, 1999.

14. F Cramer. Cyclodextrine—Alte Bekannte in neuem Gewande. Starch 35:203–
206, 1983.

15. J Pitha, J Pitha. Amorphous water-soluble derivatives of cyclodextrins. Non-
toxic dissolution-enhancing excipients. J Pharm Sci 74:987–990, 1985.

16. K Otsuka, S Honda, J Kato, S Terabe, K Kimata, N Tanaka. Effects of com-
positions of dimethyl-� -cyclodextrins on enantiomer separations by cyclo-
dextrin-modified capillary zone electrophoresis. J Pharm Biomed Anal 17:
1177–1190, 1998.

17. S Izumoto, H Nishi. Enatiomer separation of drugs by capillary electropho-
resis using mixtures of � -cyclodextrin sulfate and neutral cyclodextrins. Elec-
trophoresis 20:189–197, 1999.

18. G Schulte, S Heitmeier, B Chankvetadze, G Blaschke. Chiral capillary elec-
trophoresis–electrospray mass spectrometry coupling with charged cyclo-
dextrin derivatives as chiral selectors. J Chromatogr A 800:77–82, 1998.
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5
Affinity of Drugs to Pharmaceutical
Vehicle Systems: Micelles

Maria A. Schwarz and Peter C. Hauser
University of Basel, Basel, Switzerland

I. INTRODUCTION

Micellar electrokinetic chromatography (MEKC) is a separation technique
in which the basic properties of micellar liquid chromatography and capillary
electrophoresis are combined. It was first described by Terabe et al. (1) in
1984 for the separation of nonionic aromatic compounds and is a powerful
separation technique for lipophilic and nonionic species. By addition of sur-
factants to the background electrolyte, new options for solving electropho-
retic separation problems are opened, but it is also possible to apply this
technique to the study of affinities of drugs and other molecules of interest
to surface-active compounds. The term micellar affinity capillary electro-
phoresis (MACE) is used to describe the study of such interactions employ-
ing the same phenomena as present in MEKC. Of main interest is not the
achievement of good separation or high detection sensitivity but the study
of the effect of the type of micelle-forming compounds and its concentration
[above the critical micelle concentration (CMC)] on the mobility of the
solutes/drug. This is affected by the affinity of the solute to the micelle.
Although MACE and ACE (affinity to nonmicellar buffer additives) are
based upon the same principle, in the recent literature both methods are
discussed separately.

In drug studies, of main interest is the application of colloidal systems,
which show specific and unspecific interaction with mainly lipophilic sub-
stances. An obvious application is the study of highly lipophilic and poorly
absorbable drugs that are administered orally or transdermally (2). Such
interactions with surface-active agents may either cause a diminution of the
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bioavailability by trapping the drug in the micelle or, on the other hand,
lead to an improved solubility (solubilizing effect) and facilitated transfer of
the drug solute across biological barriers (e.g., the wall of the gastrointestinal
tract and the skin) and therefore to an improved bioavailability (3,4). To
estimate the change of the bioavailability of drugs, mainly following oral
administration, the characterization of these interactions is necessary.

The interactions between lipophilic or hydrophilic drug and micellar
phases are caused by weak physicochemical forces such as hydrophobic
(unspecific) and electrostatic effects (specifically: dipole–dipole, dipole–
induced dipole) and steric effects, whereas the hydrophobic binding to the
micellar systems is dominant.

An indirect indication of the presence of interactions between micellar
phase and drugs is given by molecular and dynamic parameters of the drug
and the micelles (ionic mobility, diffusion coefficient, hydrodynamic radius,
apparent molecular mass), which are altered by the solubilization of lipo-
philic substances in a significant manner.

A variety of very different methods may be employed for the charac-
terization of solubilization and distribution equilibria between surface-active
compounds [e.g., sodium dodecylsulfate (SDS), dodecyldimethylammonium,
palmitoylcholine (4)] and drugs. C-13 and H-1 NMR studies may be used
to gain structural information on the alteration of the micellar phase during
a solubilization process (5–7). By following the Brownian motion of mole-
cules, diffusion coefficients can be obtained and also the hydrodynamic radii
as well as the charge of the micellar complexes. The molecular weight of
colloidal particles can be obtained by exploiting scattering effects such as
extended light scattering (8) and small-angle neutron scattering (9). In one
of the few publications dealing with equilibrium constants and distribution
coefficients it is demonstrated that with electronic absorption spectroscopy
and fluorescence measurements the binding constants of drugs to anionic
micellar phases can be determined (10–12).

With micellar affinity electrophoresis the distribution behavior of drugs
can be studied easily simply by observing the effect of the micellar com-
position and concentration on the ionic mobility. By examining the alteration
of the electrophoretic properties of the solubilized drugs, a more precise
characterization is possible than by studying the micellar phase itself or the
complete system (13,14). This is of particular interest in the early stages of
bioavailability studies for the acquisition of important parameters character-
izing the interaction between drugs and different micellar partners.

For such drug studies by ACE, so far exclusively bile salts or mixtures
thereof have been used because of their physiological acceptance. This is in
contrast to MEKC, where other, more common amphophilic substances are
employed. Bile salts are natively present in the duodenum and jejunum,
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mainly in the form of glycine and taurine derivatives. Their physiological
importance lies in the ability to lower the surface tension of water, to emul-
sify fats, and thus to promote the enzymatic attack. These properties make
these compounds suitable for the improvement of the solubility of lipophilic
drugs. The MACE technique has so far been used to study the effect of the
lipophilicity, polarity, and charge of pure and mixed (incorporating phos-
pholipids and fatty acids) bile salt micelles on a range of lipophilic but also
hydrophilic drugs.

II. METHODS AND THEORY

Surfactants are amphophilic molecules, which consist of a hydrophobic car-
bohydrate part and a hydrophilic head group. In capillary zone electropho-
resis (CZE), different types, i.e., anionic, cationic, but also neutral, tensides
are employed. The ability of such molecules to interact with ionic and non-
ionic species has been used in ion chromatography and, in particular, in
SDS-poly-(acrylamide) gel electrophoresis (PAGE) (15).

In MEKC, mainly anionic surface-active compounds, in particular
SDS, are used. SDS and all other anionic surfactants have a net negative
charge over a wide range of pH values, and therefore the micelles have a
corresponding electrophoretic mobility toward the anode (opposite the di-
rection of electro-osmotic flow). Anionic species do not interact with the
negatively charged surface of the capillary, which is favorable in common
CZE but especially in ACE. Therefore, SDS is the best-studied tenside in
MEKC. Long-chain cationic ammonium species have also been employed
for mainly anionic and neutral solutes (16). Bile salts as representatives of
anionic surfactants have been used for the analysis of ionic and nonionic
compounds and also for the separation of optical isomers (17–19).

In MACE, the alteration of the ionic mobility as a factor of the tenside
concentration in the background electrolyte solution is a measure of the
strength of interaction, which may be evaluated graphically. In Fig. 1, a
schematic representation of MEKC is given for the separation of micelle
and EOF markers as well as drug solutes of different lipophilicity. If the
substances are neutral, their position between the EOF marker and the mi-
celle marker is given only by their lipophilicity, which controls their affinity
to the micellar phase. This means that S3 in Fig. 1 has the lowest
hydrophilicity.

A more detailed characterization of the interactions is obtained by cal-
culating the equilibrium constants according to Eq. (2). By fitting (param-
eters: KP and CMC = const.) Eq. (2) to the experimentally obtained values�̄,
(measured ionic mobility of drug → kP (capacity factor)/concentration gra-
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Fig. 1 Schematic representation of the separation principle of MEKC. An EOF/
micelle marker and three solutes differing in lipophilicity in the presence of anionic
micelles in the background buffer are present. The lipophilicity increases in the
sequence S1 < S2 < S3: t—migration time of EOF (nonionic solutes); S (solute); mc
—micelle.

dient [s0]) the distribution coefficient KP can be calculated. The mobilities
of the drugs �D (in the absence of the micellar phase) have to be known as
well as the resulting ionic mobility in the presence of the micellar phase
and the mobility of the vehicle (micelle, mixed micelles) alone. The param-
eter � = f([s0]) represents the real electrophoretic mobility of the ions with-
out any contribution from the electroosmotic flow (� = �measured � �EOF).
The determination of the mobility of the vehicles �mc will be discussed
shortly.

Analogously to chromatography, the capacity factor kP can be defined
as the ratio of the residence times of the analyte molecule in the mobile
(aqueous) and ‘‘stationary’’ (micellar) phases (Nernstian distribution). The
mathematical description is based on the assumption that attainment of the
distribution equilibrium takes much less time than the duration of the mi-
gration of the solute. The components involved should not show any inter-
action with the capillary wall. As in almost all cases where UV detection is
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employed, all the micellar solutions should be UV transparent. To calculate
kP and KP (partition coefficient), a pronounced difference between the ionic
mobility of the micellar phase and the mobility of the drug in the buffer is
necessary. KP and kP are given as follows —concentration of drug([D]mc/aq

in micellar or aqueous phase, [s]—concentration of surfactant, —vol-Vmc/aq

ume of micellar or aqueous phase, —partial molar volume of micelle):�̄

[D] Vmc aq
K = = k (1)P P[D] Vaq mc

� � � �̄([s ] � CMC)D 0k = = K (2)P P
� � � 1 � �̄([s ] � CMC)mc 0

For Eq. (2) it is assumed that the volume of the micellar phase is propor-
tional to the tenside concentration and that the partial molar volume re-�̄
mains constant. (See Chapter 2.) A further prerequisite for the application
of Eq. (2) is a constant ionic mobility of the micellar phase independent of
the uptake of a solute (�mc = const.). In contrast to HPLC, substances that
have an infinitely high kP value, i.e., that are completely dissolved in the
micellar phase, can be detected. In this case the sample molecule migrates
with the mobility of the micelle. In the presence of several different micellar
phases (coexistence of simple and mixed micelles), the calculation of kP is
possible only when partial capacity factors are known (20). The determi-
nation of kP is then considerably more complicated.

A second possible mathematical approach is to consider the equilibria
via complexation or aggregation (21,22). Assuming that a drug compound
can bind several tenside molecules in steps (concentration gradient), the
brutto equilibria constants or stability constants KA can be given as follows.
Normally the aggregation constant is calculated for 1:1 reactions or other
known stoichiometric ratios (z):

[Ds ] kz A
K = = (3)A z z[D][s] [s]

Simplifications in the calculation of kA that can be made in the case of
micellar phases (20) lead to following equation:

� � �D zk = = K [s] (4)A A
� � �Dbz

By fitting parameters to the experimentally obtained data, the equilibrium
constant KA and z can also be determined.

Szoekoe et al. (23) assume several parallel complex formation equi-
libria with different aggregates [the number of degrees of association is
dependent on the bile salts (BS) concentration]. Each micelle with an iden-
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tical aggregation number is taken as one type of ligand. The basis of this
assumption is the knowledge of the number and type of the micelle-like
aggregates.

III. APPLICATION OF METHODS

For the assessment of the bioavailability of lipophilic drugs, the adaptation
of in vivo conditions is of high interest. This means, for example, the use
of naturally occurring mixed BS micelles, which are formed mainly from
fats ingested with the food as the drug vehicle system. In order to obtain
information on the ratio of hydrophobic forces to polar/ionic interactions, it
is also useful to investigate at pH values and lipid concentrations that are
outside the biologically relevant range. For this reason, numerous investi-
gations with simple, binary, and ternary micellar bile salt systems have been
described alongside studies involving the classical ionic tensides.

A. Vehicle Systems: Bile Salts and Mixed Bile Salts

The bile salts and their ability to form mixed micelles is discussed in some
detail in order to foster a better understanding of their applications. It is
highly important for the electrophoretic characterization of the micellar
phase, and therefore for the calculation of the distribution coefficients, to
have a thorough understanding of the mode of micelle formation and struc-
tural changes achieved by alteration of the surfactant concentration and mi-
celle composition as well as to develop strategies for micelle optimization.

Bile salts are amphiphilic molecules. Micelles are formed between con-
centrations of 0.6 and 10 mM, depending on temperature, the pH value, and
the ionic strength. Bile salts are distinguished from classical surface-active
compounds by their unusual structure, which shows a convex hydrophobic
upper side and a concave hydrophilic lower side as well as a hydrophilic
side chain. Striking are smaller aggregation numbers and relatively higher
critical micelle concentrations, in particular for taurine-conjugated bile salts.
For low detergent concentrations, above the CMC, and low ionic strength,
bile salts form spherical-shaped micelles. The maximal size of these aggre-
gates is on the order of Rh = 10–16 Å, with average aggregation numbers
of m = 10–12. Taurine-conjugated bile salts are more hydrophilic than gly-
cine-conjugated ones; most lipophilic are the nonconjugated bile salts. The
growth of the micelles to secondary micelles is described as polymerization
between the hydrophilic surface of the single primary micelles. The aggre-
gates are stabilized by intermicellar hydrogen bonds. If a micelle is formed
from several lipidlike chemical species, of which at least one species forms
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micelles in aqueous phase, then this is termed a mixed micelle. The ability
of bile salts to dissolve lipids (in particular, phospholipids) is related to the
structure and radius of the mixed micelle and therefore its electrophoretic
properties. Both are dependent on the absolute concentration of bile salt and
lipid as well as their mixing ratio (24–29). According to one model for
mixed micelle formation (24) proposed in the literature, the increase of the
PC concentration (phosphatidylcholine) up to 30 mol % leads to only a
marginal increase in the radius of the bile salt micelle, but the size diversity
becomes higher. At concentrations higher than 35 mol % the spherical-
shaped micelles assume a more ellipsoidal form (‘‘mixed-disk model’’) and
the maximum packing density is reached. When the lipid concentration is
increased further, a drastic increase in the micellar radii is observed, and a
transformation to multilamellar vesicles takes place. The interpretation of
ionic mobilities of drugs in MACE has to account for these structural
changes of the micellar phase. This includes ternary mixed micelles with
fatty acids.

B. Simple Micelles: Bile Salts

Different di- and trihydroxy bile salts and drugs that differ in lipophilicity,
basicity, and structure (HBA and HBD) have been compared in order to
examine solvatochromic equilibria (30,31).

The principle exploited in the determination of thermodynamic equi-
librium constants is the indirect measurement of the capacity factor, de-
pending on the tenside concentration. In Fig. 2a, a typical electropherogram
of cationic drugs with cholate in the background electrolyte is shown. A
pronounced shift in the migration times of the drugs is observed because of
their strong affinity to the bile salt phase. The peak broadening is caused by
the polydispersity of the micellar phase (micelles with different aggregation
numbers).

The mobility of the drugs, �, is a function of the mobility of the solute
on its own, the strength of the interaction with the buffer components, as
well as their mobility in the electric field [see Eq. (2)]. The maximum shift
of � is limited by the mobility of the reagent in the background, in this case
by the mobility of the bile salt micelle. An overview of the displacement of
drug mobility is given in Fig. 2b. Strongly lipophilic drugs such as pro-
pranolol and quinine are shifted from the cationic to the anionic side. Aten-
olol and etilefrine, representative of hydrophilic drugs, display only a rela-
tively small change in mobility. A comparison of the effects of DHBS
(glycodeoxycholic acid, glycochenodeoxycholic acid) and THBS (glyco-
cholic acid) on the example of propranolol is given in Fig. 3.

It has been shown that beside the type of bile salt (lipophilicity, ag-
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Fig. 2 (a) Electropherogram of cationic drugs with and without BS in the back-
ground electrolyte; (b) electrophoretic ionic mobilities � of different drugs as influ-
enced by BS concentration (buffer: x mM BS, 20 mM phosphate, pH = 7.4, detection
220 nm), NaGDC—glycodeoxycholic acid, Na.
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Fig. 3 Electrophoretic ionic mobilities � of propranolol as influenced by BS con-
centration; buffer: x mM BS, 20 mM phosphate, pH = 7.4, detection 220 nm; m—
electrophoretic ionic mobility �, GC—glycocholic acid, GDC—glycodeoxycholic
acid, GCDC—glycochenodeoxycholic acid.

gregation number of micelles), the pH value and the addition of metal ions
may also have a strong effect on the equilibria. The reason for the increase
of interaction with smaller pH values is the increasing aggregation of the
bile salt micelles (formation of secondary micelles with helixlike structure)
and the increased potential difference between the micelle and the cationic
drugs (electrostatic interactions are influenced).

C. Binary Micelles: Bile Salt/Phosphatidylcholine

Because of their similarity to the composition of human bile, which consists
mainly of bile salts, phospholipids, and cholesterol, of interest for pharma-
ceutical studies are mainly binary bile salt micelles (BS/PL) (32,33). The
function of the bile is to emulsify lipids in food and to dissolve the fission
products of lipids as well as fat-soluble vitamins. The spontaneous formation
of micelles is a necessary prerequisite to a contact of the lipophilic fission
products with the intestinal wall. For affinity measurements, micellar sys-
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tems have therefore been used whose content of phospholipids ensures the
formation of mixed micelles and not of multilamellar vesicles (34).

When mixed micelles are used, in contrast to simple micelles, a much
stronger alteration of the ionic mobility of these micellar vehicles is caused
by the higher increase in volume/radius and the reduction of the charge. This
means that an estimation of �� directly from the electropherogram without
marking the mixed micelle is no longer possible.

Typical electropherograms of cationic drugs are shown in Fig. 4a. If
for a constant absolute concentration of bile salt the phospholipid concen-
tration (DPPC) is increased in the mixed micelle, lipophilic drugs such as
propranolol are shifted strongly to the right, which is caused partly by the
reduction of the EOF. The effect of the phospholipid concentration on the
ionic mobility of solutes is given in a more comprehensive form in Fig. 4b.
The graph shows, among other data, the mobility of the micelle for different
compositions. Simple as well as mixed micelles may coexist within the range
plotted (a and b); above about 15 mM DPPC the formation of vesicles cannot
be excluded. The three marked ranges, a, b, and c, are a result of the char-
acteristic behavior of propanolol. For the concentration interval b, the mo-
bilities of propanolol and the micelle are almost completely identical, which
means that the drug is almost completely dissolved in the micellar phase. A
further shift of the ionic mobility above this concentration (10 mM DPPC)
is not determined by the distribution equilibrium, but only by the compo-
sition of the micelle and the resulting mobility thereof. Propanolol could be
used as marker above app. 10 mM, which corresponds to a mole fraction
of 30%.

The fact that for c, no alteration of the electrophoretic properties of
the drug was observed leads to the conclusion that the micelle constitution
is constant. Any phospholipids or lipids, which form stable and consistent
mixed micelles, may be used.

D. Ternary Micelles: Bile Salt/Phosphatidylcholine/
Fatty Acids

Studies of the nature of the interaction between bile salts and fatty acids
have, to date, yielded only limited and contradictory information and are
therefore only of limited use for affinity studies. Fatty acid molecules are
clearly dissolved in the micellar phase and form a ternary mixed micelle
with modified properties related to binary mixed micelles.

In Fig. 5 a comparison of two electropherograms is given that were
obtained with CE buffers containing a binary and a ternary mixed micellar
phase. In presence of ternary mixed micelles in the background buffer, pro-
panolol and quinine migrate with the same velocity, which indicates that
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Fig. 4 (a) Electropherogram of cationic drugs with and without BS/DPPC in the
background electrolyte; (b) electrophoretic ionic mobilities � of different drugs as
influenced by DPPC concentration; buffer: x mM DPPC, 20 mM BS, 20 mM phos-
phate, pH = 7.4, detection 220 nm, NaGDC—glycodeoxycholic acid, Na. (From
Ref. 31. With permission.)
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Fig. 5 (a) Electropherogram of cationic drugs with and without FA (fatty acids) in
the background electrolyte; (b) electrophoretic ionic mobilities � of different drugs
as influenced by FA concentration; buffer: x mM FA, PL, 20 mM BS, 20 mM
phosphate, pH = 7.4, detection 220 nm. (From Ref. 35. With permission.)
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both are present exclusively in the micellar phase (kP = �). Not expected is
the fairly large influence of the ternary micelles containing FS on the dis-
tribution of hydrophilic, cationic drugs (Fig. 5b). In comparison to saturated
fatty acids, the unsaturated FA show a higher capacity. It is interesting to
note that the type of bile salt (DHBS or THBS) has only a limited effect on
the formation of ternary systems (35).

E. Characterization of Micellar Phase

Methods. In order to be able to calculate the capacity factor and the
distribution coefficient, it is necessary to know the ionic mobility of the
micellar phase. This in turn means that the physicochemical properties of
the surface-active substances have to be known, particularly when mixed
micelles are formed (mixing behavior, aggregation constant, mixing ratio,
and structure of vehicle). Also useful may be knowledge of the dependence
of micellar aggregation properties on changes in pH value and ionic strength
of the electrolyte. Various methods relying on electrophoretic measurements
are discussed.

If micellar phases are injected into a buffer-filled capillary for the
purpose of determining their ionic mobility, a dilution is taking place, which
leads to a measured migration time that corresponds to a lower, unknown,
concentration. One possibility is the use of chemical substances that are
completely dissolved in the micellar phase (micelles are present in back-
ground electrolyte and solute) for marking the latter. The velocity of the
micelle can then be calculated directly from the migration of the marker (for
kP = �). Compounds, which are almost insoluble in water and have sufficient
lipophilicity to become enriched in the micelle, are ideal. Only a few mark-
ers have been found suitable for bile salt micelles. Flavonoids (31) and
NBDPE (36) have been suggested in the literature for determining the mo-
bility of the micelles. Because of their influence on the overall mobility of
the micelles and its solubilization mechanism, differing results were obtained
for low bile salt concentrations. For higher concentrations, with pure mi-
celles and micelles of higher aggregation numbers, these error are negligible.

For systems, which cannot be marked easily, the displacement method
is an alternative, in particular for low concentration ranges (36). This is a
modification of isotachophoresis, because current flow is not constant with
time and field strength is a function of the position along the capillary.
Instead of analyte peaks, profiles are obtained (Fig. 6a) as injection and
separation are carried out in one step. Although this method is not suitable
for all micellar systems, one outstanding advantage is the higher UV sen-
sitivity (which is important for most surface-active compounds). Because of
the reliance of the method on displacement, the micellar phase is not diluted.

© 2003 by Marcel Dekker, Inc.



Fig. 6 (a) Displacement profile of micellar solutions, pH = 7.4, UV detection at
200 nm; (b) overlaid electropherograms of binary mixed micelles marked with
NBDPE. The DPPC concentration in each sample is equivalent to that in buffer.
Detection: LIF. (Modified from Ref. 36. With permission.)
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The marking method is more easily carried out for the more lipophilic
mixed micelles, such as binary micelles (BS/PL). Fluorescence-active phos-
pholipids are suitable for the sensitive LIF detection. Unlike in UV detection,
the marker substance can be used down to concentrations of 10�6 M, which
means that only a very small fraction of the micelles contain the marker.
The exchange of the marked lipid molecules between micelles is consider-
ably faster than their migration times, which means that the ionic mobility
of the mixed micelles is only negligibly influenced by dissolution of such
low concentrations of markers. In the case of a slow exchange rate of the
marker molecule for lipidlike vesicles different species may be observed
(Fig. 6b). When a combination of UV and LIF detection (Fig. 7) is applied
to situations where the system is in equilibrium (mixed micellar systems are
present in the background electrolyte solution) and normal CE conditions
are employed (the background electrolyte solution contains only buffer with-
out micellar components), interesting conclusions with regard to the micellar
compositions are possible (20,36).

Further information regarding the composition of mixed micelles can
be obtained by coupling to mass spectrometry. However, the use of surfac-
tants in electrospray ionization will always be fraught with difficulties be-
cause contamination of the interface with nonvolatile tensides causes un-
desirable effects. Stable mixed micelles can be measured only by employing
nonequilibrium conditions (only buffers without micellar components). Two
further variants of MEKC-MS have been developed and successfully used
in recent years, but these are not readily employed for the electrophoretic
characterization of micelles, since either a partial filling technique or sur-
factants of high molecular mass have to be used (37).

IV. DISCUSSION

In principle any ionic or neutral tenside could be used instead of the bile
salts. For neutral tensides, the micelle would not have to be marked when
the EOF is known. The distribution coefficients can be obtained from Eq.
(2) by adjustment of the parameters CMC; see Sec. II). The differing(�̄,
behaviors of the solutes can be demonstrated more clearly in this procedure
then when plotting � vs. surfactant concentration ([s]) (Fig. 8a). It is also
interesting to note that in contrast to studies with SDS, the function (kP vs.
surfactant concentration) is not linear (38). Decisive, when determining kp,
is the measurement of the mobility of the micelle as a function of the in-
crease of surfactant concentration. This is also dependent on the type of
marker. Because most micelle markers (Dodecanphenon (39,40), Sudan III
(41,42)) show an extremely low water solubility, these are not useful for
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Fig. 7 Electropherograms illustrating the marking with NBDPE for binary and ter-
nary micellar systems (BS/PC/FA). (a) Detection by LIF, a comparison between
simple and binary micelles; (b) detection by UV using a high-sensitivity detection
cell; buffers contained x mM DPPC, y mM FA and 20 mM phosphate, pH = 7.4.
(Modified from Ref. 36. With permission.)
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Fig. 8 (a) Dependence of kP on CGDCA at different pH (20 mM buffer, pH = 7.4:
phosphate, pH = 10.0: boric acid/NaOH), fitted function of Eq. (2); (b) dependence
of kA on (20 mM phosphate buffer, pH = 7.4), fitted function of Eq.CGDCA,GCDCA,GCA

(4). (From Ref. 31. With permission.)
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marking bile salt micelles, which are relatively hydrophilic compared to
SDS. Also, their large molecular size leads to a wrong (slow) micellar mo-
bility in the case of the rather small, anionic bile salt micelles and therefore
to imprecise capacity factors.

KP and can, in contrast to kp, not be determined via the concentration�̄
gradient for binary and ternary mixed micelles, because for the calculation
of the Nernstian distribution a constant CMC and an almost constant partial
molar volume must be assumed. The calculation of aggregation constants of
simple bile salt systems based on Eq. (4) yields similar results (Fig. 8b).
Assuming the formation of several concurrent complexes, a brutto stability
constant can be calculated. For each application of any tenside, suitable
markers have to be found. The completeness of dissolution in the micellar
phase is, among other parameters, dependent on the pH value and the ionic
strength of the counterions. Therefore, the displacement method should be
used, which is not dependent on the chemical solubilization properties of
markers. For electrophoretic MACE studies, it is advantageous for the mi-
cellar constitution (structure of micelle, type of phase: micellar or lamellar)
to be known for the relevant range of concentrations (surfactant, lipids).

Because ionic interactions other than hydrophobic ones are taking
place, the contribution of electrostatic interactions can be estimated through
studies outside the physiological pH ranges. The charge on the drug sub-
stance has an important role, along with the altered solubilization properties
of the micelles (e.g., formation of secondary micelles at acidic pH; see Sec.
III.A). Also important are the molecular dimensions of the drug (steric ef-
fects) and the presence of HBA and HBD.

V. CONCLUSION AND OUTLOOK

In the pharmaceutical sciences, improved and supplemental methods for
quantifying binding phenomena between drugs and drug delivery systems
are needed. Besides quantification of binding interactions, effects taking
place in biological lipid membranes when applying lipophilic drugs can be
studied through MACE.

Using a nonequilibrium approach, strong binding can be studied (li-
gand–receptor complex) (43). However, of particular interest in ACE and
MACE is the characterization of weak interactions, since the rate of complex
formation and the exchange of solute between aqueous and micellar phase
could be too fast to be studied with conventional structure determination
methods (MS, NMR). The alternative to those methods, namely, to measure
in an equilibrium state, makes MACE highly attractive. Thus, weak bond
strengths (acid–base and complex/partition equilibria) are measurable.
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MACE is a fast, manageable, and reliable method for affinity studies
with weak binding ligands because of its simple experimental conditions. It
is useful for in vitro investigations to gain valuable information before con-
ducting in vivo tests. In order to calculate the equilibrium parameters by
employment of simple micellar systems, two different mathematical models
can be applied, the distribution model (KP) and the complex formation model
(KA). However, comparative studies by using KP and KA are meaningful only
within similar systems.

A wide spectrum of drugs and drug delivery systems can be investi-
gated with direct and indirect methods by optical (UV/vis, fluorescence),
electrochemical (conductivity, amperometry), or other detection techniques
(MS). With specific variations of complexing agent systems but also varia-
tions in the measurement conditions, the interacting strength can be con-
trolled. Therefore, fast and selective developments of drug delivery systems
are conceivable. Such investigations had previously been carried out by per-
meability studies, almost exclusively on artificial lipid membranes in vitro
and in vivo with animals.

So far only bile salt systems have been employed, but other pharma-
ceutically relevant surfactants may also be characterized by means of elec-
trophoretical binding studies described in this chapter.

ABBREVIATIONS

ACE affinity capillary electrophoresis
BS bile salt
CMC critical micelle concentration
DHBS dihydroxy bile salt
DPPC dipalmitoylphosphatidylcholine
FA fatty acid
HBA hydrogen bonding acceptor
HBD hydrogen bonding donator
LIF laser-induced fluorescence
MACE micellar affinity capillary electrophoresis
MEKC micellar electrokinetic chromatography
NBDPE 1,2-dipalmitoyl-sn-glycero-3-( N-(7-nitro-2-1,3-benzooxa-

diazol-4-yl))-phosphoethanolamin
PC phosphatidylcholine
PL phospholipid
THBS trihydroxy bile salt
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6
Affinity of Drugs to Pharmaceutical
Vehicle Systems: Microemulsions

Yahya Mrestani
Martin-Luther-University Halle-Wittenberg, Halle, Germany

I. INTRODUCTION

Microemulsion electrokinetic chromatography (MEEKC) is a mode of mi-
cellar electrokinetic chromatography (MEKC) and capillary electrophoresis
(CE) that is capable of separating charged and uncharged drugs. The sepa-
ration mechanism of MEEKC is similar to that of MEKC. Microemulsions
(ME) are colloidal systems and are defined as macroscopically homogene-
ous, optically transparent fluids having more than one liquid phase. They
are formed using water, oil, and a suitable surfactant/cosurfactant. Micro-
emulsions have been known since 1943, and the high solubilizing ability of
these emulsions has been extensively used in industry (1). Microemulsions
have interesting physicochemical properties. They are thermodynamically
stable and can solubilize substances up to a saturation concentration. Since
the oily, amphiphilic, and aqueous components can be considered to coexist
in one homogeneous phase, microemulsions have a rather unique solubili-
zation capacity for ionic, hydrophilic, as well as lipophilic substances. There-
fore, they represent interesting media for pharmaceutical formulations (2–
4). Recently, microemulsions have also been used in high-performance liquid
chromatography (HPLC) (5), and in a number of papers the use of micro-
emulsion electrokinetic chromatography for the separation of a wide range
of compounds (among these pharmaceuticals and excipients) has been de-
scribed (6). The MEEKC technique has even been used for the separation
of proteins. In pharmaceutics, it is important to know the partition of drugs
between aqueous and oily phases of a microemulsion. In the literature, a
direct method for the investigation of the partition of a drug between these
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Fig. 1 Scheme of the surfactant-coated oil droplet.

two phases is not known. Using the MEEKC technique it is possible to
characterize affinity to ME as well as drug partition in microemulsions. The
migration of the colloidal phase of the ME can be determined by compounds
that are completely solubilized by the microemulsion phase, such as do-
decylbenzene, dodecylbenzoyl propionic acid, and sudan. For the determi-
nation of the electroosmotic flow (EOF), acetone, methanol, and dimethyl
sulfoxide were used as marker substances. However, in most of these studies
identical or very similar MEEKC systems have been used. The microemul-
sions most often consist of oil, sodium dodecylsulfate, n-butanol, and aque-
ous buffer. Figure 1 presents a scheme of the microemulsion droplet showing
the short-chain alcohol, dodecylsulfate, the n-octane droplet, and the sodium
ions surrounding the droplet of the colloidal phase of the ME.

The reason for this is that if a stable, optically transparent emulsion is
to be obtained, the relationship between the amount of the oil phase and the
surfactants has to be within a relatively narrow range. Microemulsion elec-
trokinetic chromatography has been shown to be a highly applicable tech-
nique for the analysis of complex mixtures such as multicomponent for-
mulations and drug-related impurities. This technique opens a new way to
determine water-insoluble neutral species such as steroids, which are difficult
to analyze by CE. It is therefore likely that the MEEKC method will be
increasingly applied for pharmaceutical and biopharmaceutical analyses in
coming years.
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Fig. 2 Scheme of the MEEKC principle.

Figure 2 shows a scheme of the MEEKC separation principle. When
a neutral analyte is injected into the capillary, it will be chromatographically
distributed between the microemulsion droplet and the aqueous buffer phase.
Water-insoluble drugs will favor inclusion in the oil droplet rather than the
buffer phase. Hydrophobic drugs will reside more frequently in the oil drop-
let than do water-soluble drugs. The separation basis is similar (7,8) to that
involved in micellar electrokinetic chromatography. When the solute is dis-
solved in the negatively charged droplet, it will attempt to migrate against
the EOF. Therefore, solutes that are strongly hydrophobic will have long
retention times, for they reside predominantly in the microemulsion droplet.
Therefore, the analyte will migrate at a velocity between the two extremes,
i.e., the electroosmotic velocity veo and the velocity of the microemulsion
vmc. The migration time of the analyte, tr, will be between the migration
time of the microemulsion droplet and the migration time of the EOF solvent
front. The velocity of the microemulsion droplet can be determined exper-
imentally from the migration time of the extremely hydrophobic analyte.

II. MICROEMULSION ELECTROKINETIC
CHROMATOGRAPHY

A. Principles

As in chromatography, the retention factor (k�) in MEEKC is defined as the
ratio of the number of moles of the solute in the micellar pseudostationary
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phase, nmc, and that in the bulk aqueous phase, naq. The retention factor is
directly proportional to the microemulsion (ME)–water partition coefficient,
Pmw, and the phase ratio, �:

nmc
k� = = P � (1)mwnaq

The retention factor in MEEKC for uncharged solutes can be determined
from migration time data using Eq. (2). The equation is relevant to MEKC
(9):

t � tr eok� = (2)
trt 1 �eo � �tme

where teo is the migration time of the electro-osmotic flow marker, tme is the
migration time of the ME marker, and tr is the solute migration time.

The retention factor k� of charged solutes can be determined from
migration time data using Eq. (3) (10,11):

t � t � � �r 0 0 r
k� = = (3)

� � �r metrt 1 �o � �tme

where tr is the migration time of a drug measured from the electropherogram,
t0 is the migration time of the drug in the absence of ME, tme is the migration
time of the ME, �0 are the electrophoretic mobilities of the drug in the
absence of ME, �r are the electrophoretic mobilities of the drug in the ME,
and �me are the electrophoretic mobilities of the ME.

B. Microemulsion Preparation Procedure

There are a number of procedures that can be adopted when preparing the
microemulsions. The most common approach is to weigh the ingredients
together, which produces a cloudy suspension. This suspension is then son-
icated for 30 minutes to generate an optically clear solution. An alternative
approach (10,11) is to vortex-mix the aqueous buffer/surfactant solution and
oil together. The butan-1-ol is then added dropwise until an optically clear
solution is spontaneously generated when the surface tension in the solution
sufficiently approaches zero. It has been shown that evaporation losses of
heptane were reduced if it was added to the microemulsion ingredients after
the butan-1-ol. An alternative means of producing the microemulsion is to
mix the surfactant, cosurfactant, and oil together and then to add the buffer
containing additional surfactant to the stirred mixture until a clear solution
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Table 1 Migration Velocity of Tracers

Tracer vmc (tracer)/vmc (calcd)

Sudan III 0.995
Dodecylbenzene 1.003

vmc (tracer): velocity of sudan III or dodecylben-
zene; vmc (calcd): velocity calculated by iteration.
Source: Ref. 13.

is obtained. It has also been reported that it is necessary to sonicate the
microemulsion buffer for an extensive period (12) to prevent the micro-
emulsion from becoming turbid upon standing at room temperature. But this
procedure would depend on the microemulsion composition.

III. VALIDATION ASPECTS

A. Tracers for Microemulsion Phases

To obtain a true k� in MEEKC, it is important to trace the migration of the
pseudostationary phase accurately. Sudan III, timepidium bromide, and
quine, which have generally been used as tracers for micelles in MEKC,
could not be employed as tracers for microemulsions consisting of sodium
dodecylsulfate salt (SDS) or cetyltrimethylammonium bromide (CTAB), n-
butanol and heptane (12). An iteration method based on a linear relationship
between log k� and the carbon number for alkylbenzenes (13) seems to
provide a reasonable value of the migration time of the microemulsions.
Dodecylbenzene shows a migration time larger than the value calculated by
the iteration method and those of other hydrophobic compounds, such as
phenanthrene, fluoranthrene, and sudan III (Table 1). Methanol and ethanol
were used as tracers for the aqueous phase.

B. Surfactant Type

The choice of the surfactant has a marked effect on the EOF, on the sepa-
ration, and on the oil droplet charge and size. Sodium dodecylsulfate rep-
resents an anionic surfactant (10) penetrating into the oil droplet. Anionic
bile salt surfactants such as sodium cholate have also been used (14,15) to
generate negatively charged droplets. Mrestani et al. (14) described the effect
of surfactants on the k� of cephalosporins in various vehicle systems (mi-
croemulsions, mixed micelles, and micelles) consisting of cationic and an-
ionic surfactants (SDS, bile salts, DTAB, and Tween) (see upcoming Table
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2). It is also possible to form microemulsions using cationic surfactants
(DTAB) (11,14,16). Dodecyltrimethylammonium bromide (DTAB) is a pos-
itively charged surfactant containing a C12 alkyl chain that penetrates into
the oil droplet. The cationic surfactant molecules form an adsorbed bilayer
on the capillary wall, which reverses the direction of the EOF. Microemul-
sions consisting of neutral surfactants such as Triton X-100 (17), isopropyl-
myristate, and Tween or Tagat, respectively, have been studied with regard
to their solubilization capacity for lipophilic drugs (18). It has been shown
that in contrast to single and mixed micellar phases, drugs like propranolol
and diclofenac can easily be solubilized. Microemulsions consisting of neu-
tral surfactants are not useful for the separation of neutral solutes because
the neutral droplets migrate at the same velocity as the EOF and the neutral
solutes. Increasing the surfactant concentration leads to increasing the ionic
strength of the buffer, which reduces the EOF level and increases the anal-
ysis time. Increased chain length of the surfactant stabilizes the microemul-
sion (19) because it reduces the polydispersity of the emulsion droplet size.
Higher concentration of the surfactant increases the migration factor of neu-
tral drugs because it increases the charge density (20) on the droplet size of
the colloidal phase.

C. Alcohol Type

Butanol and methanol were used in most applications of microemulsions.
Ishihama et al. investigated the effect of alcohol on the migration factor of
the solute in different systems and on the migration of SDS micelles with
or without alcohol. Sudan III migrated as tracer for micelles of SDS faster
than dodecylbenzene in the SDS/butanol system (10–12). Due to the addi-
tion of butanol to the ME solution, the CMC values decrease very sharply.

D. Oil Type

Generally, heptane or octanol has been used as the colloidal oil phase in the
microemulsion systems (21–23). Octanol, heptane, and hexane show similar
selectivity and migration time for the separation of a number of neutral
solutes (24). A number of other oils were used in the microemulsion systems,
for instance, ethyl acetate (25), hexanol (26), butyl chloride (27), and a chiral
oil for chiral separation (28).

E. Buffer Type

Phosphate–borate buffer is the most frequently used solution for the prep-
aration of microemulsion systems. An increase in the buffer concentration
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leads to the suppression of the EOF and generates high currents in the cap-
illary. Generally, MEEKC has been performed using low ionic strength (5–
10 mM) (29).

F. Organic Solvents

In MEEKC, organic solvents such as acetonitrile and methanol are added to
the buffer solution to reduce the migration time or to improve the resolution.
For example, the addition of 8% (v/v) methanol to the MEEKC buffer leads
to shorter migration times but exhibiting the same selectivity (12). The ad-
dition of 15% (v/v) acetonitrile to the MEEKC buffer also leads to an im-
provement of the resolution of the neutral solute (25). Furthermore, the ad-
dition of organic solvents to the microemulsion solution influences the
aggregation, the radius, and the CMC of the micelles. The level of solvent
that can be added to MEKC buffers is generally limited to a maximum such
as 30% v/v. At levels greater than this, the micelles are disrupted and selec-
tivity is lost. It was found that there were also limits to the maximum solvent
contents that could be used in MEEKC. When these limits were exceeded,
the microemulsion buffers disintegrated into a cloudy two-phase system,
which could not be used for separation.

G. Effect of pH

Typically, buffers in the region of pH 7–9 have been used in MEEKC. At
these pH values the buffers generate a high electroosmotic flow (EOF). Ex-
treme values of pH have been used in MEECK specifically to suppress solute
ionization. For example, a pH of 1.2 of the buffer has been used to prevent
the ionization of acids (30,31). To eliminate the ionization of basic com-
pounds, a buffer at pH 12 has been used. These pH values were used in
MEEKC to measure the solubility of ionic compounds (30). High-pH car-
bonate buffers (31) were applied in place of the standard borate or phosphate
buffers.

IV. APPLICATIONS

A. Affinity of Drugs to Microemulsion Systems

1. Determination of the Enthalpy �H � and Entropy �S � of
Solubilization in Microemulsion Systems

In pharmaceutics it is important to know the affinity of drugs to micro-
emulsion. In only a few works were the affinity and the partition behavior
of drugs in microemulsions using MEEKC studied (14,32). The partition
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coefficients and the thermodynamics were calculated similar to MEKC. For
the calculation of the partition coefficients [Eq. (4)] in microemulsion sys-
tems, knowledge of the partial specific volumes of the ME and of the CMC
is necessary. Calculation of the partial specific volumes of the ME and of
the CMC in the microemulsion system is very difficult. Since the ME sys-
tems are very sensible, one cannot change here the concentration of the
surfactants, the viscosity of the ME solution, and the surface tension. In all
corresponding studies it was assumed that the partial specific volumes of
the ME and the CMC in the microemulsion system were the same as those
in the case of an SDS micellar system containing alcohol (10,11). Therefore,
Pmw can be calculated from the capacity factor according to Eq. (4):

P � (C � CMC)mw tk� = (4)
[1 � � (C � CMC)]t

where � is the partial molar volume of the surfactant, Ct is the surfactant
concentration, CMC is the critical micelle concentration, and Pmw is the
partition coefficient of the solute between the micellar phase and the aqueous
phase.

Partition coefficients at different temperatures should follow the van’t
Hoff equation:

�H � �S �
ln P = � (5)mw RT R

where �H � is the enthalpy associated with the micellar solubilization or the
transition of the solute from the aqueous phase to the micelle, �S � is the
corresponding entropy, R is the gas constant, and T is the absolute
temperature.

The Gibbs free-energy �G� for the solubilization in ME can be cal-
culated as follows:

�G� = �H � � T�S � (6)

The more negative �G� is, the more the equilibrium is moved to the micelle
side.

2. Affinity of Cephalosporins to Microemulsions

Microemulsion electrokinetic chromatography was introduced to study the
affinity of various cephalosporins [cefpim, cefpirom, cefaloridin, cefaclor,
cephalexin, cefuroxim, cefotaxim] in microemulsions and micellar (MC)
systems. The affinity of various cephalosporins in microemulsions was char-
acterized calculating the capacity factor. The capacity factor values of the
cephalosporins in micellar systems and in microemulsions are given in Table
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2. As can be seen in the table, ME shows higher k� values than MC, except
for ceforuxim and cefotaxim. The higher k� values of cephalosporins in ME
indicated that the microemulsion has a stronger affinity than the micellar
system. The addition of Tween 20 to the glycodeoxycholate (GDC) micellar
and microemulsion systems (MC3, ME2) generated higher k� values for
cephalosporins than for other systems. This could be expected because the
anionic charges located at the surface of the GDC are shielded on the ad-
dition of Tween 20, which has a long polyoxyethylene chain (Table 2).

The plots of log k� vs. log Pow and the plots of log k�(y) vs. log k�(z)
were studied for seven cephalosporins. A linear relationship was obtained in
micellar solution and in microemulsion solution (Tables 3 and 4). The results
obtained indicate that the capacity factor determined by EKC could be used
both as parameter to characterize the partition behavior of drugs in ME and
MC and as hydrophobic parameter instead of log Pow. k� appears to be an
evident parameter, and it shows a better diversification than Pow. In the 1-
octanol/water system, we did not found high values of the partition coeffi-
cients. In contrast, the ME systems used provide a better characterization of
the drugs according to their hydrophilic/lipophilic properties.

B. Separation of Drugs using Microemulsions

1. Proteins

The MEEKC technique is effective for the separation of complex mixtures.
A typical example is the separation of proteins (33). This separation was
carried out using a microemulsion system consisting of SDS-heptane-butane-
1-ol in 2.5 mM borate buffer, pH 8.5–9.5. The optimal conditions for the
separation of proteins depend on the SDS concentration. The maximum res-
olution was obtained at 120 mM SDS. The resolution obtained by MEEKC
for ribonuclease A, carbonic anhydrase II, �-lactoglobulin A, and myoglob-
ulin was better than those obtained by CE or by MEKC. The highest number
of theoretical was found for myoglobin. The results were compared with
those obtained in micellar electrokinetic chromatography and capillary zone
electrophoresis. In the investigation MEEKC exhibited a better resolution
than CE or MEKC. The MEEKC technique opens a new way to analyze
various protein mixtures in different injection formulations.

2. Vitamins

Capillary zone electrophoresis is a powerful tool for the separation of water-
soluble vitamins, such as nicotinic acid and vitamin C, with high-pH borate
or phosphate buffers. Most simultaneous separations have been performed
for fat-soluble vitamins, such as vitamins A and E, by MEKC. Here, organic
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Table 2 Migration Factors and Partition Coefficient Values of Cephalosporins in
Various Systems

MC1
SDS

MC2
GDC

MC3
GDC

Tween
ME1
SDS

ME2
GDC

Tween Pow

1—Cefpim 0.166 0.156 0.350 0.179 0.300 0.01
2—Cefpirom 0.272 0.198 0.385 0.371 0.376 0.02
3—Cephaloridin 0.279 0.198 0.509 0.382 0.503 0.03
4—Cephalexin 0.239 0.305 0.549 0.161 0.764 0.01
5—Cefaclor 0.202 0.350 0.268 0.292 0.867 0.02
6—Cefuroxim 0.562 1.129 16.98 0.730 18.19 0.68
7—Cefotaxim 0.510 1.279 — 0.522 — 0.74

MC, micellar systems: MC1: 1.44% SDS (wt %)/buffer; MC2: 1.44% GDC (wt %)/buffer;
MC3: 4% GDC, 5.685% Tween (wt %)/buffer.
ME, microemulsions: ME1: 6.49% 1-butanol/0.82% n-heptane, 1.44% SDS (wt %)/buffer;
ME2: 6.49% 1-butanol/0.82% n-heptane, 1.44% GDC, 5.685% Tween (wt %)/buffer.
Source: Ref. 14.

Table 3 Linear Relationships Between log Pow in Octanol–Water
System and log k� in Microemulsion System at pH 7.0

log k�(x) = a log Pow � b
x a B Ra SDb Pc

ME1 �0.284 0.518 0.901 0.602 0.00075
ME2 1.315 0.886 0.931 0.265 0.00686
ME3 0.753 0.941 0.932 0.327 0.00223

aR, correlation cefficient.
bSD, standard deviation of the fit.
cP, probability.
ME3: 6.49% 1-butanol/0.82% n-heptane, 1.44% DTAB/(wt %)/buffer.
Source: Ref. 14.

solvents should be added to the micelle solution. And MEECK has been
used to determine water- and fat-soluble vitamins (22) (Fig. 3). Altria ana-
lyzed a complex multivitamin pharmaceutical formulation using an SDS-
octanol-butane-1-ol microemulsion (22). The MEEKC technique was also
used for the separation of vitamin test mixtures using various oil and sur-
factant types (16). For the preparation of the microemulsion, this study used
sodium dodecylsulfate (SDS) or trimethyltetradecylammonium bromide
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Table 4 Linear Relationships Between log k�(z) and log k�(y) in Various Systems
at pH 7.0

log k�(x) = a log Pow � b
(y)–(z) a b R SD P

MC1–ME1 0.029 0.833 0.956 0.602 0.00075
MC2–ME1 1.054 2.070 0.983 0.132 0.00041
MC2–ME2 �0.464 1.164 0.911 0.213 0.00431
MC3–ME2 0.095 0.920 0.949 0.329 0.00376
MC4–ME3 1.188 1.731 0.990 0.122 0.00002
ME2–ME3 �0.599 1.203 0.984 0.159 0.00038

MC4: 1.44% DTAB/0.566 Tween (wt %)/buffer.
Source: Ref. 14.

Fig. 3 Separation of vitamins and excipient compounds.
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Table 5 Number of Theoretical Plates (N) for the Test Mixture Component in
Microemulsions Containing Different Organic Solvents with TTAB

Vitamin
Nonorganic

solvent
Diethyl
ether

2-Methyl-2-
propanol

n-Amyl
alcohol

Thiamine 17,685 24,869 31,595 32,167
Nicotinic acid 55,824 54,078 131,386 178,873
Pyridoxol 102,166 298,184 383,196 98,883
Nicotinamide 104,435 116 399,787 120,365
Vitamin E 57,689 75,190 179,738 128,694
Vitamin A 21,640 22,691 289,364 114,164

Source: Ref. 16.

(TTAB) as surfactant and diethylether, n-heptane, cyclohexane, chloroform,
or octanol as oil phase. Table 5 summarizes the values of N for the test
mixtures in microemulsions containing different organic solvents with cat-
ionic surfactants.

3. Antibiotics and Cephalosporins

Separation of antibiotics and cephalosporins can be achieved successfully
by CZE because most of them are ionic species. As an alternative to CZE,
antibiotics and cephalosporins have been separated by MEEKC. The sepa-
ration of cephalosporins in different systems (micelles, mixed micelles, and
microemulsions) was investigated. The best separation was achieved in mi-
croemulsions (Fig. 4). Figure 4 shows that cephalosporins have better affinity
to ME in the ME systems than in the MC systems. The affinity of cepha-
losporins in the ME systems decreases with decrease in the migration time.
The MEEKC was also particularly suitable for neutral cephalosporins that
could not be separated by CZE or MEKC (14) (see Fig. 5). The method
provided good reproducibility and rapid separation with high efficiency.

4. Steroids

The determination of steroids using CZE is very difficult, because steroids
are electrically neutral and highly water insoluble. However, these com-
pounds are also too hydrophobic to be separated by conventional MEKC
with a surfactant alone. Additives to the micellar solutions, such as urea and
organic solvents, turned out to be effective for the separation of the steroids.
And MEEKC as a new technique was also used for the separation and
determination of steroids (26). The steroids were separated by MEEKC using
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Fig. 4 Electropherogram of cephalosorins (1—cefpim, 2—cefpirom, 3—cepha-
loridin, 4—cephlexin, 5—cefaclor, 6—cefuroxim, 7—cefotaxin) in a microemul-
sion system. Buffer, pH 7.0, 10 mM phosphate containing 6.49% 1-butanol/0.82%
n-heptane, 1.44% glycodeoxycholic acid (GDC), and 5.685% Tween. Capillary,
48.5- (40 cm to detector) � 50-�m ID; 30 kV; detection, 265 nm. (From Ref. 14.)

Fig. 5 Electropherogram of cephalosorins in a micellar system. Buffer, pH 7.0, 10
mM phosphate containing 1.44% GDC, 48.5- (40 cm to detector) � 50-�m ID; 30
kV; detection, 265 nm. Conditions: See Fig. 4. (From Ref. 14.)
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Fig. 6 Separation of water-soluble and insoluble steroids.

Table 6 Comparison of the Determination of 11-�-
Hydroxysteroid Dehydrogenase Activity by HPLC,
MEKC, and MEEKC

Sample HPLC MEKC MEEKC

1 0.00 0.00 0.00
2 0.42 0.45 0.44
3 0.96 0.92 0.94

Source: Ref. 26.

n-hexanol, SDS, and n-butanol in 20 mM phosphate buffer at pH 10
(Fig. 6).

11-�-Hydroxysteroid dehydrogenase activity in rat intestine was mea-
sured using MEEKC, and the results were compared with those obtained by
MEKC and HPLC (Table 6).
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Table 7 Electrophoretic Characteristics of Separated Compounds

Compound t (min) N (�10�3) R

D-Galactosone, monodiphenylhydrazone 28.8 162 51.33
5-Keto-D-fructose, bisdiphenylhydrazone 29.7 100 1.80
D-Glucosone, monodiphanylhydrazone 30.7 127 2.60
D-Galactosone, monodiphenylhydrazone,

acetyl derivative
40.0 254 25.95

D-Xylosone, monodiphenylhydrazone, ace-
tyl derivative

40.5 187 1.25

6-Deoxy-D-glucosone, monodiphenylhy-
drazone, acetyl derivative

42.1 201 3.65

2-Furylglyoxyoxal, bisdiphenylhydrazone 43.5 252 3.00
D-Glucosone, bisdiphenylhydrazone 43.8 188 0.88
5-Hydroxy-2,3-dioxopentanal,

trisdiphenylhydrazone
44.5 170 1.48

2-Furylglyoxal, bisdiphenylhydrazone 46.0, 46.6 113, 105 2.50, 1.03

Migration time (t), number of theoretical plates N (�10�3), and resolution (R) (to the preceding
peak).
aRefers to the peak of endoosmotic flow.
Source: Ref. 24.

5. Carbohydrates

The importance of carbohydrates in biochemistry, medicine, the food indus-
try, etc. is steadily increasing. In general, for the determination and sepa-
ration of carbohydrates it is necessary to derivative them. The combination
of HPCE and LIF offers unique possibilities in this long-neglected area.
Miksik et al. studied the separation of highly insoluble diphenyl hydrazines
of dicarbonyl sugars using MEEKC and MEKC (24) (see Table 7). The
separations were carried out using an untreated fused-silica capillary at 20
kV; detection was 220 nm. The microemulsion system was composed of 5
mM borate buffer, pH 8.0, SDS (3.31% w/w), n-butanol (6.61%, w/w), and
n-octanol (0.8%, w/w). The separation by MEEKC turned out to be signif-
icantly better than the separation obtained by MEKC. The hydrophobic de-
rivatization resulted in better selectivity and rather high plate numbers.

6. Fatty Acids

The separation and determination of long-chain fatty acids using conven-
tional CE are very difficult, because these compounds have poor aqueous
solubility and low UV activity. It is possible to separate them in aqueous
organic solutions, nonaqueous solutions, or micellar systems. All these sep-
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Table 8 Composition of Microemulsions (ME) A to D. Borate buffer: Na2B4O7,
0.05 mol�1, pH 9.2

ME (A) ME (B) ME (C) ME (D)

SDS (%) 1.66 0.83 1.20 0.83
Heptane (%) 0.81 0.42 0.60 0.20
1-Butanol (%) 6.61 6.61 6.61 6.61
Borate buffer (%) 90.92 92.14 91.59 92.36

Source: Ref. 34.

arations were investigated in indirect UV detection mode. Derivatives of
fatty acids, such as phenacyl esters, are often prepared to give enhanced UV
detection. A mixture of saturated fatty acids containing an even number of
carbon atoms (C2–C20) was successfully separated as phenacyl esters by
MEEKC with a cholate-heptane-butane-1-ol-borate microemulsion and de-
tection at 243 nm (15). And MEEKC exhibited better separation of ion-
chain fatty acids than MEKC under the same conditions using SDS as mi-
cellar phase.

7. Cardiac Glycosides

Cardiac glycosides, such as dioxin, acetyldigoxin, acetyldigitoxin, and des-
lanoside, are pharmaceutically important drugs used for the treatment of
congestive heart failure and atrial fibrillation. These drugs were adminis-
trated in very low doses. Therefore, it is very important to develop new and
sensitive methods or techniques for the determination of these drugs in water
and in biological media. Debusschere et al. demonstrated the use of MEEKC
and MECK for the separation of neutral and poorly water-soluble cardiac
glycosides (34). The results obtained by MEKC were compared with those
obtained in MEEKC using different microemulsion compositions. Table 8
summarizes this comparison.

8. Basic Drugs

The MEEKC technique has previously been reported to be useful for the
determination and separation of a range of water-soluble and insoluble basic
drugs (22). Generally, basic drugs are resolved in CE using low-pH buffers,
and separation occurs due to differences in charge-to-mass ratios. Figure 7
presents the separation for a range of basic drugs using MEEKC (22). The
separation order obtained is based on both electrophoretic mobility and par-
titioning. The borate buffer used in this method gives a pH of 9.5, which
will limit the ionization of basic drugs, depending on their pKa values. How-
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Fig. 7 Separation of a range of water-soluble and insoluble basic drugs. (From Ref.
22.)

ever, some basic drugs remain ionized at this high pH, and they interact
with the droplet through both partitioning and ion pair interactions. It is
possible to use microemulsions of a pH of 13 (21) where basic drugs will
be unionized and the separations based purely on partitioning effects.

9. Acidic Drugs

Electrokinetic chromatography was introduced to determine the separation
and the partitioning behavior of various acidic drugs in microemulsions
(14,18). The partitioning behavior of acidic drugs in microemulsion was
characterized by the capacity factor. The required parameters for the deter-
mination of the capacity factor were measured by EKC using cationic and
anionic microemulsion systems consisting of the surfactants/n-heptane/1-bu-
tanol/10 mM phosphate buffer solution, pH 7.0. Although these drugs are
polar solutes and have acidic characteristics, they show different partition
behavior. Hydrophobic interaction, electrostatic interaction, and hydrogen
bonding interaction play a significant role in the partition behavior between
the acidic drugs and the microemulsion systems. Figure 8 shows the sepa-
ration for a range of both water-soluble and insoluble acidic drugs (22).
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Fig. 8 Separation of acidic drugs. (From Ref. 22.)

These drugs are ionized at this high pH, and therefore the separation is
obtained due to a combination of both partitioning and electrophoresis. It is
also possible to use a microemulsion buffer at a low pH where the acids
will be unionized and separated by partitioning only. Microemulsion at pH
12 was used to determine the log P value of acidic solutes in their unionized
form (30).

10. Analgesics/Cold Medicine Ingredients

A test mixture of seven cold medicines were separated (9) using a heptane-
SDS-butane-1-ol microemulsion. Separation efficiencies obtained in
MEEKC (9) were higher than those obtained in MEKC for the same test
mixture. Antipyrene analgesics were separated (27) using either octane, hep-
tane, or 1-butyl chloride as the core oil. Octane was shown to give the best
migration time precision in a short precision study. Figure 9 shows the ef-
ficient separation of a range of analgesics and cold medicine ingredients
using the MEEKC method. These analgesics include basic drugs such as
chlorpheniramine, neutral solutes such as paracetamol, and acidic analytes
such as salicyclic acid. The method was also used to analyze cold medicine
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Fig. 9 Separation of a range of cold medicine ingredients. For the microemulsion
compositions, see Table 10. (From Ref. 27.)

ingredients in a liquid formulation. The components of this formulation in-
clude both charged and neutral components. Table 9 gives some quantitative
data (22) from this analysis.

11. Dyes

The MEEKC technique has also been used (29) to analyze the dye com-
ponents in fountain pen ink. The sample was diluted with MEEKC buffer
and was resolved into a broad range of efficient, well-separated water-soluble
and insoluble components.

12. Analysis of Natural Products

The MEEKC technique has been applied to the separation and identification
of the active components in Rheum plant extracts. The highly insoluble
components were extracted into chloroform or ethanol. A microemulsion
comprising ethylacetate-SDS and butane-1-ol was used for the separation.
Resolution was further increased by the addition of acetonetrile. This method
was used to quantify components in plant extracts. Recovery data in the
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Table 9 Quantitative Application and Repeatability of the MEEKC Method

Label claim MEEKC assay results

Sudafed� Expectorant assay results
Guaiphenisin 20 mg/mL 20.95 mg/mL
Pseudoephedrine 6 mg/mL 5.86 mg/mL
Ethylhydroxybenzoate 0.1% w/v 0.096% w/v
Propylhydroxybenzoate 0.01% w/v 0.01% w/v
Trogliazatone tablets 200 mg/tablet 199.4 mg/tablet

Injection precision measurements

Internal standard No. injections
PAR

(% RSD)

Methylparaben Ethylparaben 10 0.31%
Propylparaben Ethylparaben 10 0.63%

PAR is the peak area ratio of the solute peak area compared to the area of the internal standard
peak.
Source: Ref. 22.

range of 95–104% were reported. Figure 10 shows the complex separation
obtained for a methanolic plant extract using a SDS-octane-butane-1-ol mi-
croemulsion system with detection at 200 nm.

13. Other Applications

Recent representative applications of MEEKC are given in Table 10.

V. CONCLUSION

The MEEKC technique is used for the separation of every kind of drug,
including cationic, neutral, and anionic drugs, because of its high resolution.
Other than separation, physicochemical properties can also be determined
by MEEKC. Direct enantiomer separation can be successful using chiral
selectors such as chiral surfactants or chiral additives. The retention factor
and the thermodynamic properties determined by MEEKC provide funda-
mental information on various interactions between drugs and pharmaceu-
tical vehicle systems with a minimum of substance consumption and time
spent. In addition, the relationship between log k� and log Pow provides
quantitative data on the hydrophobicity/hydrophilicity properties and the par-
titioning behavior of drugs in several vehicle systems playing an important
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Fig. 10 Analysis of methanolic plant extract using MEEKC, SDS-octanol-butane-
1-ol microemulsion, detection at 200 nm. (From Ref. 6.)

role in pharmaceutical technology. Therefore, the method described is a very
effective tool not only for characterizing the interaction between drugs and
vehicle systems but also for optimizing the vehicle systems.

ABBREVIATIONS

CEC capillary electrophoresis
CMC critical micelle concentration
CZE capillary zone electrophoresis
CTAB cetyltrimethylammonium bromide
DTAB dodecyltrimethylammonium bromide
EKC electrokinetic chromatography
EOF electroosmotic flow
GC gas chromatography
GDC glycodeoxycholate
HPLC high-performance liquid chromatography
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Table 10 Recent Representative Applications of MEEKC

Compounds/applications Microemulsion systems Refs.

Polycyclic aromatic
hydrocarbons

3.31% (w/w) SDS, 0.8% (w/w) octanol,
6.6% (w/w) butane-1-ol, 89.27/10 mM
borate buffer, 10% (v/v) ethanol

35

Ketones and �-diketones SDS, heptane, butane-1-ol, high-pH car-
bonate buffer

36

Pharmaceutical excipients 3.31 g SDS, 0.81 g octane, 6.61 g butane-
1-ol, 10 mM borate buffer

22

Agrochemical SDS, octane, butane-1-ol 20
Chiral separation 0.6% (w/w) SDS, 12.2% (w/w) butane-

1-ol, 0.5 (w/w) (2R,3R)-di-n-butyl tar-
trate, 15 mm tris-hydroxyamino-meth-
ane buffer, pH 8.1

28

Bioanalysis 3.31% (w/w) SDS, 0.81% (w/w) octane,
6.61% (w/w) 1-butanol, 10 mM borate
buffer, pH 9.5

29

Cold medicine ingredients 1.66 SDS, 0.81% heptane, 6.61% butane-
1-ol, borate-phosphate buffer, pH 7

9, 27

Natural-product analysis 75 mM SDS, 1000 mM n-butanol, 90 mM
n-octanol, phosphate-borate buffer, pH 7

29, 37

Drug characterization (1) 1.44% GDC, 5.68% Tween, 6.49% bu-
tane-1-ol, 0.82% heptane

(2) 1.44% DTAB, 6.49% butane-1-ol,
0.82% heptane

14

IPM isopropylmyristate
MEEKC microemulsion electrokinetic chromatography
MEKC micellar electrokinetic chromatography
ME microemulsions
MC micellar
SDS sodium dodecylsulfate salt
TTAB trimethyltetradecylammonium bromide
UV ultraviolet
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7
Interaction of Drugs with
Liposomes and Proteoliposomes

Caroline Engvall and Per Lundahl
Uppsala University, Uppsala, Sweden

I. INTRODUCTION

Liposomes (1,2) are flexible membrane shells enclosing aqueous compart-
ments. The membranes are spontaneously formed in water by self-assembly
of phospholipid molecules into bimolecular layers. Each liposome may have
a single membrane (unilamellar vesicle) (Fig. 1) or contain a number of
concentric bilayer shells separated by aqueous layers (multilamellar vesicle).
The sizes of liposomes range from tenths of nanometers to micrometers.
Small liposomes are thermodynamically unstable due to the curvature of the
bilayer, whereas larger liposomes show higher stability, although they tend
to fuse or aggregate at high liposome concentration.

Liposomes are widely used as models for biological membranes in
several scientific disciplines. Another currently very active research area is
the use of liposomes as vehicles to deliver drugs to target organs in the body
(1–5). Large or hydrophilic drug molecules diffuse only slowly across the
bilayer (Fig. 1). For example, oligonucleotides can be encapsulated in li-
posomes. The stability of such a system has been analyzed by capillary
electrophoresis in linear polyacrylamide solution (6). Strongly hydrophobic
drugs are adsorbed in the bilayer and will be released gradually (3) (not
illustrated).

Orally administered drugs partition into the lipid bilayer in the process
of diffusing across the apical and basolateral membranes of the intestinal
brush border cells into the blood, as illustrated in Figure 2. About 1800 such
drugs are commercially available. A small surface area of the polar parts of
the drug molecule generally favors entry into the hydrophobic interior of
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Fig. 1 Schematic illustration of a liposome encapsulating a hydrophilic drug. The
membrane contains phospholipid and cholesterol molecules. (Reprinted with per-
mission from Ref. 3 with slight modification. Copyright 1998 Adis International.)

the membrane (8). However, the solubility of the drug in water must be
reasonably high to achieve a sufficient concentration gradient across the
membrane in relation to the potency of the drug (9). Several structural fea-
tures of biological membranes affect drug partitioning and diffusion in ways
that are poorly understood. Detailed modeling of solute transport through
biological membranes will require better knowledge of their structures (10).

Some solutes show specific affinity for particular binding sites of mem-
brane proteins. Nonspecific partitioning into the lipid bilayer will occur in
parallel with the specific binding if the concentration of free solute is suf-
ficient. Biospecific binding sites on transmembrane proteins are in several
known cases exposed on a hydrophilic face of the protein. For the P-gly-
coprotein that is responsible for the efflux of xenobiotics, e.g., drugs, from
cells (11,12), the site may be situated in the hydrophobic transmembrane
region of the membrane protein. Specific solute–membrane protein inter-
actions can be analyzed in several ways (13), e.g., by frontal chromatography
or Hummel and Dreyer size-exclusion chromatography for determination of
the number of sites and the affinity expressed as an equilibrium constant, as
reviewed in Refs. 14–16, where the binding of cytochalasin B to the glucose
transporter GLUT1 is the main example. The P-glycoprotein is another
membrane protein that has been studied by the frontal analysis technique
(17). Related methods have been used to measure the binding of drugs to
plasma proteins (18–20).

Nonspecific drug partitioning into biological membranes can be mod-
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Fig. 2 Schematic illustration of a phospholipid bilayer containing cholesterol (tailed
black bodies) and a transmembrane protein (dumbbell) into which charged drug
molecules (egg-shaped) partition, thereby interacting electrostatically with the pro-
tein molecule. In the bilayer the drug is depicted as being noncharged except when
it interacts with a charge on the protein. (Reprinted from Ref. 7. Copyright 2001 by
the authors of Ref. 7.)

eled by use of red blood cells or ghosts, red blood cell membrane vesicles,
proteoliposomal membranes, phospholipid bilayers, artificial lipid monolay-
ers, surfactant vesicles, or micelles. For example, the partitioning of solutes
into lipid bilayers or red blood cell membranes has been analyzed by the
use of centrifugation or ultrafiltration, immobilized-liposome chromatogra-
phy (ILC) (7,21–28), pH-titration (29–31), capillary electrophoresis (CE)
(32–34) (see Chapter 1), surface optical methods (35,36), or spectrophotom-
etry (37). The ILC technique has also been applied to the analysis of inter-
actions between certain water-soluble octapeptides and lipid bilayers (38)
and for membrane partition studies of oligopeptides (39). Chromatographic
and electrophoretic methods for analyses of drug–protein interactions are
reviewed in Refs. 14–16, 18–20, and 40–44.

Capillary separation methods have been applied to the analysis of
drugs (45–49) and of liposomes, microsomes, and viruses (34,50–53). De-
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Fig. 3 A migrating zone of solute molecules (spots) interacting with lipid bilayers
(rings) in a chromatographic or electrophoretic separation system. The free solute
molecules move (arrows) relative to the liposomes or vesicles in a flow of eluent or
in an electric field. The solute molecules may either partition into the membranes
and diffuse between the external and internal aqueous compartments of the structures
as depicted, or interact with the external surface of the membranes and stay outside.

tection methods and ways to increase the sensitivity of detection have been
reviewed (54,55). By use of laser-induced fluorescence detection, even in-
dividual liposomes can be monitored (56). The use of CE for interaction
studies has been presented in several reviews (41–44,57,58). The CE meth-
ods for studies of specific as well as nonspecific (partitioning) interactions
are often collectively called affinity CE. To our knowledge only two reports
deal with CE studies of interactions between solutes and phospholipid bi-
layers in a pseudostationary liposome phase in coated fused-silica capillaries
(32,50). Uncoated fused-silica capillaries have similarly been applied to elec-
trokinetic chromatography (EKC) analysis of solute interactions with both
liposomes (33,34) and surfactant vesicles (59,60).

The basic principle is shared by several methods: In chromatographic
or electrophoretic systems where the liposomes (vesicles) are immobilized,
pseudostationary, or carried by an electroendosmotic flow, migrating am-
phiphilic drug molecules partition between the water outside the liposomes,
the lipid bilayer of the liposome, and the aqueous compartment within the
liposome (Fig. 3). In all cases the migration rate basically reflects the par-
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titioning and the affinity of the solute to the (proteo)liposomal systems used.
In this chapter, therefore, chromatographic, electrophoretic, and electroki-
netic analyses are described.

II. METHODS

A. Preparation of Liposomes and Proteoliposomes

Large multilamellar liposomes are prepared by hydration of a lipid film
obtained by evaporation of organic solvent(s) in which the lipids were dis-
solved (1,61). Sonication only decreases the average size of liposomes,
whereas unilamellar liposomes of homogeneous size can be obtained by
extrusion of multilamellar liposomes, i.e., by forcing a suspension of the
material through filter pores of a suitable uniform size (62). An increase in
the sizes of liposomes, and thereby their internal volume per lipid amount
(63), can be accomplished by freezing and thawing (64). Emulsions con-
taining lipid, water, and organic solvents allow the preparation of liposomes
by reversed-phase methods (50,65).

Small unilamellar liposomes can, furthermore, be prepared from de-
tergent-solubilized phospholipid by dilution to obtain a detergent concentra-
tion below the critical micelle concentration, by detergent removal via di-
alysis or size-exclusion chromatography (61), or by adsorption of the
detergent to hydrophobic beads (66). If a membrane protein solubilized by
complex formation with a detergent is included in the detergent–lipid mix-
ture, the protein molecules will become inserted in the lipid bilayers as the
detergent concentration is lowered (67–70). This process is often called
reconstitution of the membrane protein. The structures formed are proteo-
liposomes or, when certain conditions prevail, 2D crystals of the protein
(71,72).

B. Characterization of Liposomes

The phospholipid concentration in a (proteo)liposome suspension can be
determined by phosphorus analysis (73) and the protein concentration by
automated amino acid analysis or by a calibrated colorimetric protein assay
(74). Thin-layer chromatography (75) and sodium dodecylsulfate-
(poly)acrylamide gel electrophoresis (SDS-PAGE) are helpful for analyses
of the lipid and protein composition, respectively. Size-exclusion chroma-
tography allows estimation of the size distribution of the (proteo)liposomes
and crude fractionation of the material as reviewed in Ref. 76. Accurate
determinations of size distributions require analyses by static or dynamic
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(quasi-elastic) light scattering techniques or by electron microscopy (77).
The CE analyses of liposomes have been reported (34,50).

C. Immobilization of Liposomes

Liposomes or proteoliposomes have been immobilized in various ways for
chromatographic interaction studies. The early development of such methods
has been reviewed in Refs. 76, 78, and 79. For example, (proteo)liposomes
have been entrapped in gel beads by dialysis procedures (24,80–84) or
freeze-thawing (84–87), adsorbed in gels by use of alkyl ligands (23,84,88–
90) or avidin–biotin binding (28,83,91–93), or covalently coupled to a gel
(94). All of these immobilization methods have been applied for the purpose
of solute–bilayer interaction analyses by ILC: dialysis (24), freeze-thawing
(7,21,22,25–27), adsorption to alkyl ligands (23), avidin–biotin binding
(28,92,93), and covalent coupling (94).

The CE and EKC analyses by use of suspended liposomes share sev-
eral features with ILC analyses on liposomes that are entrapped and sus-
pended in the aqueous compartments of microcavities of the gel in which
they reside. This is achieved by dialysis or by freezing and thawing. Dialysis
entrapment is accomplished by removal of a detergent from a mixture of
gel beads and detergent-solubilized phospholipids. Liposomes are thereby
formed in the gel matrix, and a fraction of them become too large to escape
from the microcavities in which they were assembled. Freeze-thawing en-
trapment results from rehydration of dry gel beads with a liposome suspen-
sion, followed by liposome fusion induced by freeze-thawing (�75/�25�C).
After removal of nonimmobilized material by centrifugal washings, ILC gel
beds have been packed in glass columns of 5-mm I.D.

D. Chromatography of Drugs with Liposomes or
Proteoliposomes as Interacting Phase

Upon chromatography of drugs on a liposomal stationary phase, the drugs
spend more time in the lipid bilayers and are thereby eluted later the more
strongly they partition into the hydrophobic region of the bilayer. In order
to obtain suitable retention volumes, the amount of phospholipid in the col-
umn should be adapted to the range of partition coefficients for the set of
drugs to be analyzed. If the range is wide, a column containing a small
amount of lipids may be used for the most hydrophobic drugs, whereas
columns with more lipids are better suited for drugs of medium or low
hydrophobicity (26). The partitioning of drugs and other solutes into the
bilayer and their affinity to the membrane will be modified by the presence
of nonphospholipid components such as cholesterol and membrane proteins
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in the bilayers (7). The chromatographic retention volume is normalized with
regard to the phospholipid amount to provide a capacity factor, Ks (M�1),
that reflects the drug partitioning into the lipid bilayer. Ks is defined by (25)

V � VR 0
K =s A

where VR is the retention volume of the drug, V0 is the elution volume of
an analyte that does not interact with the bilayers, and A is the amount of
phospholipids. The nonspecific binding to the gel can be taken into account
(7) but changes the log Ks values only marginally. For example, sulfasalazine
is retarded fairly strongly on the gel matrix, which lowers the log Ks value
by approximately 0.1 unit compared to the value given in Ref. 27. By cal-
culation of the bilayer volume, the log Ks values can be transformed into
partition coefficients (28,93).

Analysis of the hitherto largest set of drugs by ILC is described in
Ref. 27. Interactions with bilayers containing proteins and cholesterol were
reported in Refs. 7 and 25.

E. Affinity Capillary Electrophoresis or Electrokinetic
Chromatography of Drugs with Liposomes or Surfactant
Vesicles as Interacting Phase

General points of view on electrophoretic interaction analyses are given in
Chapter 1. This research field has been reviewed by Heegaard (Ref. 41) and
by Heegaard and Kennedy (Ref. 42). Several CE or capillary EKC
analyses of interactions between drugs, peptides, or other solutes and lipid
or surfactant bilayers have been reported. To our knowledge no effects have
been observed of the electric field on the binding or partitioning of solutes.
Polyacrylamide-coated (32) or polyimide-coated (50) capillaries have been
used for CE analysis of solute interactions, with small unilamellar liposomes
filling most of the capillary (32) or with larger unilamellar liposomes (355
� 210 nm) applied as a zone (50). Uncoated fused-silica capillaries were
used for analogous EKC analyses with vesicles formed by oppositely
charged surfactants, approximately 110–140 nm (59) or about 50 nm in size
(growing with time) (60), or with unilamellar phospholipid liposomes pro-
duced by extrusion through 0.1-�m pores to attain a size of approximately
120 nm (33,34). The effects of the curvature of the bilayer on the partitioning
of solutes may be marginal. The CE and the capillary EKC analyses are
closely related, since in both cases the analytes migrate relative to the li-
posomes or vesicles in an electric field. In the electrokinetic approach the
electroendosmosis drives a flow of buffer with the dissolved or suspended
components through the capillary, whereas in the electrophoretic approach
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the wall of the capillary is coated to largely suppress the electroendosmosis.
However, the differences between the two methods are marginal, and the
same experimental setup can be used for zonal ACE of liposomes for de-
termination of their mobilities, surface charge, and stability (34,50) and for
analyses of solute–bilayer interactions (32,34,50) and for EKC analyses of
the latter type (33,34).

III. APPLICATIONS

A. Chromatography of Drugs with Liposomes or Other
Membrane Structures as Interacting Phase

The elution profiles of drugs from an ILC gel bed of 5-mm diameter are
broad (Fig. 4A). The drugs have therefore usually been analyzed one by
one. A capillary continuous bed containing liposomes immobilized on alkyl
ligands gave similarly broad peaks (Fig. 4B). Unexpectedly, the log Ks val-
ues for 15 drugs determined on liposomes prepared from synthetic phos-
phatidylcholine (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) in a 5-
mm ILC bed (27) correlated poorly with the log Ks values obtained from
egg L-�-phosphatidylcholine liposomes in the capillary continuous beds (23)
(not illustrated). In contrast, liposomes of different phospholipid composi-
tions entrapped in dextran-grafted agarose gel beads (Superdex 200 prep
grade) provided similar sets of log Ks values upon ILC in ordinary 5-mm
columns (25,27). In fact there is a fair correlation between log Ks values on,
e.g., egg yolk phospholipid (EPL) liposomes and log octanol/water partition
coefficients (log Poct) (Fig. 5). Log Ks and log Poct are linearly related for
neutral and positively and negatively charged drugs. The slopes of the three
correlation lines are similar to one another, whereas the intercepts differ
significantly. However, the points are widely scattered around the straight
lines. Individual drugs are thus subject to effects in addition to hydrophobic
partitioning upon interaction with the phospholipid bilayers. For example,
at log Poct = 3, the range of the corresponding log Ks values in Fig. 5 is 1–
4. A similar plot of log Ks values determined on the egg phosphatidylcholine
liposomes in capillary continuous beds (23) versus the log Poct values resem-
bled Fig. 5, with seemingly different regression lines for the positively
charged, neutral, and negatively charged drugs, although the number of
points was only 15.

Several ILC studies covering drug interaction with liposomes and, cor-
respondingly, proteoliposomes, cytoskeleton-depleted red blood cell mem-
brane vesicles, red blood cell membranes, or red cells and ghosts have been
reported (7,8,21–28,40,76,91,92,94). The log Ks values for interaction of
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Fig. 4 Elution profiles for (A) propranolol (a), promethazine (b), and chlorprom-
azine (c) applied separately on a 5-mm ILC column containing cytoskeleton-depleted
red blood cell membrane vesicles entrapped in dextran-grafted agarose gel beads
(1.4 �mol phospholipid, 0.5 mL/min) and (B), from left to right, acetylsalicylic acid,
salicylic acid, warfarin, and pindolol on a capillary continuous bed containing li-
posomes immobilized by use of C4 ligands (1.0 �mol phospholipid, 10 �L/min).
The elution volumes in the absence of lipid are shown (a0, b0, and c0, and the arrow,
respectively). (Part A is reprinted with permission, with slight modification, from
Ref. 26. Copyright 1999 Elsevier Science. Part B is reprinted with permission from
Ref. 23. Copyright 1996 Elsevier Science.)

drugs with liposomes differed in certain respects from the log Ks values
obtained by chromatography on immobilized human red cells/red cell ghosts
(25). For a set of drugs eluted from an egg yolk phospholipid liposome
column, the log Ks values covered the range 0.2–4.0, whereas the immo-
bilized cells and ghosts, with asymmetric phospholipid bilayers containing
cholesterol and glycosylated membrane proteins connected to a cytoskeleton,
showed a range of log Ks values of only 1.6–3.2 for the same drugs (25).
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Fig. 5 Relationship between the log Ks values obtained by chromatography on
entrapped egg yolk phospholipid (EPL) liposomes and the log Poct values from oc-
tanol/water partitioning analyses, for neutral drugs (upper line) and for positively
(center line) and negatively (lower line) charged drugs. (Reprinted with permission
from Ref. 27. Copyright 2001 Elsevier Science.)

The interactions obviously differed between the lipid bilayers and the natural
membranes. Furthermore, cholesterol slightly hinders the drug partitioning
into the liquid-crystalline bilayers, in agreement with several previous re-
ports, and the drug molecules interact electrostatically with membrane pro-
teins at the hydrophilic interface adjacent to the polar headgroups of the
phospholipid molecules (7).
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Fig. 6 Separation of (1) salicylic acid, (2) acetylsalicylic acid, (3) sulfasalazine,
and (4) warfarin by use of capillary electrophoresis with pseudostationary egg L-�-
phosphatidylcholine liposomes (29 mM phospholipid) in a polyacrylamide-coated
capillary (100-�m I.D., 25 cm) at pH 7.4. Peak heights 0.02–0.04 absorbance units
at 225 nm. (Reprinted with permission, with slight modification, from Ref. 32. Copy-
right 1995 VCH Verlagsgesellschaft.)

B. Affinity Capillary Electrophoresis of Drugs with
Liposomes as Interacting Pseudostationary Phase

The ACE analysis of interactions between drugs and phospholipid bilayers
of liposomes present as a pseudostationary phase was performed by Zhang
et al. (32). The capillaries were treated to eliminate electroendosmosis.
Freshly prepared and essentially neutral small unilamellar liposomes com-
posed of egg phosphatidylcholine were sucked into the capillary. These li-
posomes increased both the retention of four negatively charged drugs and
the separation between the substances (Fig. 6). The chromatographic reten-
tions of these drugs on immobilized phosphatidylcholine liposomes, ex-
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Fig. 7 Log Ks,CE values determined by CE in the presence of egg L-�-phosphati-
dylcholine liposome (32) versus log Ks,ILC values obtained by ILC on 1-palmitoyl-
2-oleoyl-sn-phosphocholine liposomes, with a second-degree correlation line (R 2 =
1.00). (The log Ks,ILC values were taken from Ref. 27 and were here corrected for
the slight effect of the drug interaction with the dextran-grafted agarose gel [unpub-
lished data].)

pressed as log Ks,ILC (27) and plotted against the electrophoretic partitioning
results in Fig. 4 of Ref. 32, log Ks,CE, fall nicely on a line defined by a
second-order equation (Fig. 7). The liposome ACE method also gave reten-
tions for two octapeptides (32) that confirm the retarding effect of C-terminal
CysCys observed by ILC (38).

The interactions between the drugs and the essentially neutral phos-
phatidylcholine liposomes described by Zhang et al. (32) are little affected
by electrostatic interactions, although the ionic strength of the 25 mM so-
dium phosphate buffer, pH 7.4, is fairly low. Partition analyses with charged
drugs and charged liposomes may show effects of electrostatic interactions
(25) at the low ionic strengths commonly used for ACE.

Another example of ACE analyses of solute–bilayer interactions was
described by Roberts et al. (50), who observed retardation of riboflavin by
liposomes. Analyses technically similar to liposomal ACE have been per-
formed with mixed bile salt/phosphatidylcholine/fatty acid micelles (95).
The partitioning of basic and acidic drugs depended on the acid–base prop-
erties of the drug and on the shape and charge of the mixed micelles.
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C. Electrokinetic Chromatography of Drugs with
Liposomes or Surfactant Vesicles as Interacting Phase

Liposomes or vesicles have been used as an interacting phase also in EKC
analyses. Wiedmer et al. (33) characterized the effects of unilamellar
liposomes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (80%) and a negatively
charged phospholipid (phosphatidylserine, phosphatidylglycerol, phospha-
tidic acid, or cardiolipin). The relative migration times of solutes increased
with the lipid concentration, as expected, and the separation improved with
increasing content of cardiolipin up to 30%. The resolution of the neutral
corticosteroids was better at 25�C than at 43�C with 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine supplemented with 20% phosphatidylserine
(Fig. 8B) or 20% cardiolipin (Fig. 8C). The separations were reported to be
highly repeatable. A separation of another set of steroids is illustrated in Fig.
4 of Ref. 34.

Hong et al. applied capillary EKC with dodecyltrimethylammonium-
bromide/sodium dodecylsulfate (12.7/21.1 mM) vesicles to the separation of
alkylphenones (Fig. 8A) and obtained better resolution than with sodium
dodecylsulfate micelles (59). The logarithms of the retention factors for 20
neutral compounds of similar structures showed an excellent linear corre-
lation with log Poct (R 2 = 0.98). Similarly, Razak et al. (60) showed that the
log capacity factors for interaction between neutral and positively charged
analytes and cetyltrimethylammoniumbromide/sodium octylsulfate vesicles
correlated linearly with the log Poct values.

D. Electrokinetic Chromatography of Drugs with Micelles or
Oil Droplets as Interacting Phase

The foregoing capillary EKC analyses of drugs with surfactant vesicles or
liposomes as an interacting phase are closely related to micellar capillary
EKC analyses developed by Terabe et al. (96), see Chapter 5. The correlation
between partitioning of drug analytes from water into detergent micelles and
into octanol has been studied by the latter technique (97–99). Micellar cap-
illary EKC with lysophospholipid micelles gave a retention order of beta-
blockers that differed from the order obtained upon immobilized artificial
membrane chromatography (100). Micellar liquid chromatography with
polyoxyethylene dodecylether micelles has been shown to provide drug-
partitioning data similar to those obtained by ILC on egg phospholipid li-
posomes (101).

Partitioning into oil droplets can be analyzed similarly as partitioning
into micelles. Mrestani et al. (102) used microemulsions prepared from non-
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Fig. 8 Capillary EKC separations of (A) acetophenone (1), propiophenone (2),
butyrophenone (3), valerophenone (4), and hexanophenone (5) on vesicles composed
of sodium dodecylsulfate and n-dodecyltrimethylammoniumbromide at pH 7.2,
(B,C) of 1-dehydroaldosterone (1), cortisone (2), cortisol (3), 21-deoxycortisol (4),
11-deoxycortisol (5), and dexamethasone (6) on liposomes composed of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (80%) and (B) phosphatidylserine or (C) car-
diolipin at pH 9, lipid concentrations (B) 2.4 mM and 0.6 mM, (C) 3.6 and 0.9 mM.
(Part A is reprinted with permission from Ref. 59, copyright 1998 American Chem-
ical Society; Parts B and C are reprinted with permission from Ref. 33, copyright
2000 Wiley-VCH Verlag, all with slight modifications.)

ionic detergent and isopropylmyristate in an aqueous phase supplemented
with an alcohol. The electrophoretic mobilities of drugs in the aqueous phase
alone and in the microemulsion were determined in fused-silica capillaries.
Poole et al. (103) showed that EKC in a microemulsion containing sodium
dodecylsulfate, butanol, and heptane afforded good estimates of the octanol/
water partition coefficients present in the literature for a number of neutral
and positively charged (weakly basic) compounds over a wide range of log
Poct values.

IV. DISCUSSION

Few studies of drug–liposome interaction analysis by the use of CE or
capillary EKC techniques have been reported. Technical problems may be
responsible. For example, the liposomes must be essentially free from or-
ganic solvents or detergents and the (in)stability (1) of the prepared lipo-
somes suspensions must be considered. Furthermore, the application of
rather large amounts of drugs in relation to the liposome content of the
capillary for absorbance detection may affect the properties of the bilayer
structure. More sensitive detection methods (55) are perhaps required in
some cases. These problems do not arise when liposomes entrapped in gel
beads are used for chromatographic analyses. Impurities in the bilayers can
be washed away, and the drug amounts required for absorbance detection
are small in relation to the lipid amounts in such ILC columns, except per-
haps for the most hydrophobic drugs. Furthermore, the ILC method has been
well characterized and validated, which is not yet the case for the ACE
method. Liposomes entrapped in gel bead microcavities have shown only
slowly decreasing drug retention over several months (27), whereas the li-
posomes may have to be freshly prepared for each series of electrophoretic
analysis due to the instability of liposomes in suspension. The ILC technique
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is independent of the electric charge of the drug, whereas the electrophoretic
procedure requires the drug to migrate in the electric field at a higher rate
than do the liposomes. However, the ACE and EKC methods offer the great
advantages that very small amounts of lipids and drugs are required and that
the high resolution allows analysis of several substances in each run.

Because most experimental procedures are time-consuming and require
drug molecules to be available, computational prediction of the permeability,
partitioning, and solubility of a drug enjoys increasing use, e.g., as a screen
in synthetic endeavors (104,105). The drug behavior is estimated on the basis
of drug descriptors such as hydrogen bonding, lipophilicity, and molecular
weight (106,107). This allows statistical comparison between structural fea-
tures of drug molecules and drug behavior in the body. Exact physicochem-
ical calculations of the rate of drug diffusion across membranes are not yet
possible. For some years to come, empirical data will still be required, both
in drug design practice and to refine or develop the computer programs used.
Partitioning into liposomes provides more detailed information on the po-
tential interaction between individual drug candidates and biological mem-
branes than do calculated or determined Poct values. For accurate prediction
of drug behavior, the structural features of the biological membrane must
be considered, which exceeds the capability of the currently used computer
programs. Other available screening methods, e.g., surface plasmon reso-
nance analysis, can be fast but have the disadvantage that natural membrane
structures are difficult to mimic. In contrast, the slower chromatographic and
electrophoretic procedures offer the possibility to use realistic membrane
compositions or even natural membranes. The different analysis methods
should therefore be used in combination to obtain complementary data.

V. CONCLUSIONS AND OUTLOOK

The types of drug solutes studied and the numbers of solutes of each type
are limited in the available ACE and capillary EKC studies of solute–phos-
pholipid bilayer interactions (32–34,50). Obviously, more such data are re-
quired for safe comparisons, e.g., with ILC or octanol/water partitioning data
or surface plasmon resonance results. Pure and well-characterized liposome
suspensions may help to allow collection of such data in the near future.
The ACE and capillary EKC methods seem adequate for analyses of drug
partitioning into biological membranes or membrane models, studies of spe-
cific membrane protein–drug interactions, and determinations of the mod-
ulation of drug partitioning into membranes by membrane proteins or vari-
ous lipid phases. The fact that only small amounts of membrane proteins
and lipids would be required seems particularly advantageous.
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ABBREVIATIONS

ACE affinity capillary electrophoresis
EKC electrokinetic chromatography
ILC immobilized-liposome chromatography
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I. INTRODUCTION

The first example of enantioselective interaction between a chiral guest mol-
ecule and cyclodextrin (CD) was described 50 years ago (1). Today it is
hard to imagine separation science without the methods based on the en-
antioselective affinity interactions between chiral analytes and cyclodextrins.
Enantioseparations by gas chromatography (GC), high-performance liquid
chromatography (HPLC), supercritical fluid chromatography (SFC), capil-
lary electrophoresis (CE), and capillary electrochromatography (CEC) are
based largely on these interactions. In addition, enantioselective drug–
cyclodextrin interactions are used in various spectrometric (UV, NMR, MS,
etc.) and electrochemical techniques, and they may also be applied in phar-
maceutical formulations for achieving an enantioselective transport, release,
etc. of chiral drugs.

Cyclodextrins have significantly contributed to the development of en-
antioseparations in CE, where they represent the most widely used chiral
selectors. On the other hand, due to its inherently high separation efficiency
and diverse technical advantages, CE has contributed enormously to the
better understanding of affinity interactions between CDs and chiral analytes.
The following text summarizes the recent developments in this field (3–60).

*Current affiliation: University of Münster, Münster, Germany
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II. METHODS AND THEORY

A. Advantages of Capillary Electrophoresis for
Investigation of Interactions Between Chiral Drugs
and Cyclodextrins

1. High Separation Efficiency

Capillary electrophoresis offers a set of important advantages that make it
a premier technique for the investigation of enantioselective effects in the
affinity interactions between chiral drugs and cyclodextrins. The most im-
portant advantage of CE is the inherently high separation efficiency offered
by this technique. As already known, the most important contributors to peak
resolution (R) are a separation selectivity (�) and an efficiency (N). A re-
lationship between these parameters in CE is described by the following
equation (2):

N ���
R = (1)S 4 �av

where RS is the resolution, N is the peak efficiency, and ��/�av is the mo-
bility difference between two components (��) divided by the arithmetic
mean of their mobilities (�av). This parameter (��/�av) in CE adequately
describes the selectivity of separation (�). In chromatographic techniques, a
selectivity of separation is defined by the ratio of the capacity factors

The capacity factors are determined by the affinity constants of the¯ ¯¯ ¯k�/k�.2 1

analytes toward the chiral selector and the so-called phase ratio. At a con-
stant phase ratio, the capacity factors are determined by the binding con-
stants between the selector and the selectand and therefore closely relate to
the thermodynamic characteristics of selector and selectand. Thermodynamic
quantities do not easily undergo external influence. Therefore, with most
separation techniques, except CE, it is difficult to improve separation selec-
tivity and the main issue is to improve the resolution for a given thermo-
dynamic selectivity of recognition. Due to its unique separation principle,
CE offers inherently higher peak efficiency in the range of 200,000–
1,000,000 per meter, which is difficult to achieve by other separation tech-
niques, such as gas chromatography and simply unimaginable in high-
performance liquid chromatography. Thus, in order to observe a baseline
enantioseparation in HPLC with a well-packed (chiral) column, a separation
selectivity � in the range of 1.15–1.20 is required. This number must be in
the range 1.05–1.10 in GC, whereas 1.01–1.02 is sufficient in CE. Thus,
due to its inherently high peak efficiency, CE may allow one to observe
those enantioselective effects in chiral drug–CD interactions that are im-
possible to observe by other separation techniques, such as GC and
HPLC (3).
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2. High Separation Selectivity

Equation (1) shows another important advantage of CE. As already men-
tioned, the separation selectivity in chromatographic techniques very closely
relates to the thermodynamic selectivity of recognition (�r), in that the ther-
modynamic selectivity of recognition, which is the ratio of the binding con-
stants, is the upper limit of separation selectivity. In contrast, the separation
selectivity (�s) in CE may be expressed by the equation

��
� = (2)s

�av

The most important point to be noted is that �s is not limited by the ratio
K2/K1 and can reach infinitily high values in CE (3,4). Although Eq. (2) does
not explicitly contain the binding constants of enantiomers with chiral se-
lector, �� and �av are dependent on these thermodynamic quantities. Cap-
illary electrophoresis offers several possibilities for almost unlimited en-
hancement of separation selectivity without any significant change of
thermodynamic selectivity or recognition (3–5).

3. Chiral Analyte and Selector in Free Solution

One additional advantage of chiral CE over chromatographic techniques is
that both the chiral selector and the analyte reside in a free solution in this
technique. This makes the investigation of chiral drug–cyclodextrin inter-
actions technically much easier, cheaper, and faster, because unlike chro-
matographic techniques there is no need to immobilize the receptor (selec-
tors). However, an even more important advantage is that there is no effect
of immobilization on the degree of freedom of the selector and the effects
of a solid matrix are absent.

4. Miscellaneous Technical Advantages of
Capillary Electrophoresis

Capillary electrophoresis is a microseparation technique and requires minute
amounts of the chiral drugs and selectors under investigation. This makes
the technique cost effective and allows one to investigate exotic chiral se-
lectors and drugs. In the case of chromatographic techniques, the chemistry
of immobilization determines the amount of a chiral selector fixed on the
solid support (some preliminary functionalization of both support and selec-
tor might become necessary in order to facilitate this process). The variation
in the amount of free chiral selector is much less in CE than that of im-
mobilized selector in chromatographic techniques. Chiral selectors may also
be used in large excess if required in CE.

One major advantage of CE in studies of intermolecular interactions,
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compared to other, nonseparation techniques, is that this technique allows
one to investigate the interaction between multiple guests and a single host,
a single guest and multiple host, or even a combination of both. It must be
noted that a deconvolution of these arrays of interactions is not an easy task,
but it still seems possible and very promising, especially with the recent
impressive developments in the fields of combinatorial chemistry, high-
throughput screening, and proteomic research.

Capillary electrophoresis saves time not only because of the absence
of receptor immobilization, but also because changing and equilibrating a
new column is undesirable and time consuming in HPLC. A change of the
chiral selector is very fast and easy in CE.

B. Capillary Electrophoresis Methods for Determination of
Enantioselective Binding Constants Between Chiral
Drugs and Cyclodextrins

1. Affinity Capillary Electrophoresis (ACE)

The equation for the description of equilibrium in zone electrophoresis was
first introduced by Tiselius (6). For interactions that produce 1:1 stoichi-
ometry:

A � L ↔ A�L (3)

the binding constants can be determined as follows:

� � �f i
K[L] = (4)

� � �i c

where K is the binding constant, [L] is the equilibrium concentration of
uncomplexed ligand, �f and �c are the electrophoretic mobilities of the free
and complexed solutes, respectively, and �i is the solute mobility at the
ligand concentration [L]. The procedure for determining the enantioselective
binding constants according Eq. (3) requires the determination of solute
mobilities at varying ligand (cyclodextrin) concentrations (�i), measuring
the limiting mobility of the solute at saturating ligand concentration (�c),
and plotting �i � �c as a function of free ligand concentration [L]. The
method for calculating binding constants based on Eq. (4) was named the
mobility ratio method (7).

This technique is not always very convenient for investigation of en-
antioselective binding constants between chiral drugs and cyclodextrins.
Thus, for example, the electrophoretic mobility of the drug–ligand complex
(i.e., the mobility at saturating concentration of cyclodextrin, �c) needs to
be determined. This can be approached at a very high concentration of cy-
clodextrin (especially when the binding constants are low), which may be
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higher than the solubility limit of CD. An increase in (chiral) ligand con-
centration leads to some changes in electrophoretic mobility (due to changes
in buffer viscosity, electroosmotic flow (EOF), etc.) that are not related to
the drug–ligand binding. This can be a source of systematic error in this
technique. Additionally, the graph should be forced through the origin. Thus,
the concentration range that should be covered includes the approximation
from zero to infinity, which can introduce a substantial error in graphical
calculations. In addition, some cyclodextrins cannot easily be dissolved in
high concentrations approaching a saturation of binding. This will be sig-
nificant problem when the binding constants are low.

Various forms of binding isotherms are summarized in Refs. 7–10 and
17 and in Part I of this book.

Equation (4) can be rewritten in the form

� � � K[L]f c
� = (5)i 1 � � K[L]c

The equilibrium constants for the interactions described by Eq. (3) can be
calculated as follows:

[A�L]eK = (6)
[A] [L]e e

or for R- and S-enantiomers, respectively:

[R�L]eK =R [R] [L]e e

[S�L]e
K = (7)S [S] [L]e e

If one assumes that the initial concentration of a solute and ligand are [A]i

and [L]i, respectively, and the degree of complexation is �, then the equi-
librium concentration of the solute ([A]e), ligand ([L]e), and solute/ligand
complex ([A�L]e) can be calculated as follows:

[A] = [A] (1 � �) (8)e i

[L] = [L] � �[A] (9)e i i

[A�L] = �[A] (10)e i

The combination of Eqs. (7) and (8)–(10) yields

�[A]
K = (11)e (1 � �)[A] ([L] � �[A] )i i i

Taking into account that in real CE separations the initial concentration of
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the chiral selector is much higher than that of the analyte, i.e., [L]i >> [A]i,
Eq. (11) can be rewritten as follows:

�
K = (12)e (1 � �)[L]i

which can be further rewritten as

K [L]R i
� = (13)

1 � K [L]R i

The combination of Eqs. (18) and (10) gives

free complex(� � � K [L])e e eeff� = (14)e 1 � K [L]e

Similar equations can be written for both enantiomers of chiral analyte.
Based on Eq. (14), nonlinear regression techniques allow one to determine
the enantioselective binding constants (KR and KS) and the mobilities of
related transient diastereomeric complexes andcomplex complex(� � ).R S

It must be noted that the aforementioned calculation techniques as well
as those summarized in Part I are not always ideally suited for the deter-
mination of the binding constants, and these techniques need to be used with
some care. At first, the experimental data must be refined so that only the
effect of a binding with a chiral selector on the mobility of analyte enanti-
omers is included in the final plot. Thus, the effects of an increasing viscosity
of the background electrolyte (BGE) with increasing concentrations of a
chiral selector, a possible selector adsorption on the capillary wall, an in-
creasing ionic strength of the BGE, a variation of conductivity, etc., must
be eliminated from the observed overall mobility. In addition, the equilib-
rium time scale must be faster than the CE separation time scale, and the
concentration of the chiral selector must be varied in a wide range in order
to adequately cover binding isotherm (7,8). So far, as with most other tech-
niques, concentrations are used instead of activities in CE; the binding con-
stants are not true thermodynamic equilibrium constants but apparent con-
stants. In addition, most of the linear equations used for equilibrium constant
determinations in CE assume 1:1 stoichiometry, while in fact complexes with
other stoichiometry are also common.

Bowser and Chen developed a mathematical treatment that takes into
account both 1:1 and 1:2 binding stoichiometry between the selector and the
selectand (42). The deviations from 1:1 binding stoichiometry were more
easily seen with the x-reciprocal plot. The diagnostic power of the y-recip-
rocal plot was the weakest among all linear plots. The same authors com-
pared linear and nonlinear regression methods for binding constant calcu-
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lations and concluded that nonlinear regression gave the most accurate
results when the maximum response range was small and when data are
collected outside the optimum ligand concentration range (43,44).

2. Alternative Capillary Electrophoresis Methods for
Determination of Binding Constants

There are several alternative techniques to ACE that allow one to calculate
binding constants in the interactions between two molecular counterparts. It
must be noted that all of these techniques in fact are also based on affinity
interactions. However, due to some technical and historical reasons, they are
named differently.

In the frontal analysis technique (45–51), solute and ligand are pre-
mixed and injected as a large sample plug onto the capillary column either
by hydrodynamic or electrokinetic injection (45). Equilibrium between the
free solute, free ligand, and solute–ligand complex having different mobil-
ities is maintained where the zones temporarily overlap. This produces a
broadened plateau of free solute that migrates away from the ligand and
ligand–solute complex. The free-solute concentration that is used for the
determination of the binding constants based on a Scatchard-type plot is
calculated from the height of the resulting plateau.

The frontal analysis technique has been used for the determination of
enantioselective binding constants of chiral drugs such as warfarin, ve-
rapamil, nilvadipine, and semotidil with proteins such as bovine serum al-
bumin (BSA), human serum albumin (HSA), and plasma lipoproteins (45–
51).

Another technique that has been used in CE format for chiral drug–
protein interactions is the Hummel–Dreyer method (52). In this technique,
the solute is dissolved in the run buffer at varying concentrations, creating
a high detector background response. After equilibration of the system,
mixtures of the ligand and protein in various ratios are injected into this
system as a sample.

In the case of �-AGT, the best fit for (RS)-carvedilol and also for the
individual enantiomers was obtained via nonlinear least-squares curve fitting
to the following equation (52):

z
n K Fi aiB = � n�K� F (15)i ai� 1 � K Faii =1

where B is the concentration of drug bound per mole of protein, F is the
free-drug concentration, z is the number of classes of specific binding sites,
and is the nonspecific binding component (describing the binding ton�K� Fi ai

secondary low-affinity binding sites). The interaction of (RS)-, (R)-, and (S)-
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carvedilol with HSA was characterized by a significantly lower affinity than
with AGT, and it was described using the nonspecific binding component
(B = niKaiF).

The binding parameters of (RS)-, (R)-, and (S)-carvedilol to human
AGT determined by this technique were in good agreement with the param-
eters obtained by HPLC, which indicates the reliability of the Hummel–
Dreyer method in the CE mode for the evaluation of protein–drug inter-
actions.

Busch et al. used the Hummel–Dreyer method to investigate the inter-
actions between BSA and warfarin (53). For the binding constant calculations
these authors used a nonlinear regression of the following equation:

K[D ]f
r = n (16)

1 � K[D ]f

where r is the fraction of bound drug molecules, n is the number of binding
sites, Df is the free-drug concentration, and K is the binding constant. Equa-
tion (16) allows us also to count the number of binding sites, and it can be
expanded to include multiple binding sites (54).

The low selectivity and adsorption effect of proteins on capillary wall
have been noted as disadvantages of the Hummel–Dreyer method in CE
(54).

In the vacancy peak method, the ligand and solute are dissolved in the
run buffer. Buffer without ligand or solute is injected, producing two neg-
ative peaks. One peak arises from the free solute and the other peak arises
from the solute–ligand complex. The free-solute concentration is calculated
from the peak areas. The binding constants are calculated from the free-
solute concentration as a function of ligand concentration. The disadvantage
of the vacancy peak method is that it requires more sample than the ACE
method. In addition, the concentration of the absorbing species in the run
buffer should be optimized to obtain good sensitivity and not to saturate the
detector.

The binding constants can be also calculated by direct separation of
free and complexed analyte. In this method, the solute and ligand are pre-
equilibrated before injecting onto the CE column, where the free solute is
separated from both the complexed solute and the ligand. The binding con-
stant is then calculated from a Scatchard plot (55). This unpopular method
is applicable only to very stable intermolecular complexes where the dis-
sociation kinetics are slow compared to the separation time scale.

The partial-filling technique is a modification of ACE that has been
shown to be very suitable for measuring binding constants. The methodology
and interesting examples of application of this technique are summarized in
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the review paper by Amini et al. (56). The partial-filling technique involves
partially filling the capillary with ligand solution and injecting the solute
into the capillary. Both the ligand and the solute migrate through the column
when a voltage is applied. Equilibrium between the sample and the ligand
occurs as the sample zone flows through the ligand zone. In this technique
it is possible to keep the ligand concentration constant and to vary the in-
jection plug size (56–59). This technique seems especially useful with those
selectors that possess a strong detector response, although one example of
application to chiral drug–CD interactions has also been published (59).

III. APPLICATION OF CAPILLARY ELECTROPHORESIS FOR
DETERMINATION OF ENANTIOSELECTIVE BINDING
CONSTANTS OF CHIRAL DRUG/CYCLODEXTRIN
COMPLEXES

Capillary electrophoresis has been applied for the enantioselective determi-
nation of the binding constants of chiral drugs with cyclodextrins for basi-
cally the following two reasons: (1) optimization of chiral selector concen-
tration and (2) understanding the fine mechanisms of enantioseparations in
CE. The first group of studies have been published mainly on the early stage
of chiral CE development, whereas the second goal is followed in the most
recent studies, mainly by Rizzi and Kremser (10,13) and Scriba et al.
(14,15).

The mobility difference (��R,S) between the enantiomers in CE can be
expressed by the following equation (60):

[C](� � � )(K � K )f c R S
�� = � � � = (17)R,S R S 21 � [C](K � K ) � K K [C]R S R S

where [C] is the concentration of a chiral selector, �f is the mobility of a
free analyte, �c is the mobility of analyte–selector complex and is assumed
to be the same for both the complexes of R- and S-enantiomer with a chiral
selector, and KR and KS are the binding constants.

In order to find the concentration at which the mobility difference
between two enantiomers reaches a maximum, one must differentiate Eq.
(17) according to the concentration, i.e., to find a partial differential � ��R,S/
�[C]. After differentiating Eq. (17) and simplification of the obtained result,
one may obtain the equation that relates the maximal mobility difference
between the enantiomers to the concentration of a chiral selector as follows:

1
[C] = (18)opt

K K� R S
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Thus, based on Eq. (18) it becomes possible to determine the concentration
of the chiral selector resulting in a maximal mobility difference between the
enantiomers, assuming that the binding constants of both enantiomers with
chiral selector are known. This method for determination of the optimal CD
concentration has been used by several groups.

Kuhn et al. (18) reported the use of the mobility ratio method for the
calculation of the binding constants of racemic quinagolide enantiomers to
�-CD. Binding constants of 25.5 M�1 for (�)-quinagolide and 27.0 M�1

(�)-quinagolide were determined. The linearity of the dependence between
ligand concentration and the mobility ratio (�f � �i)/(�i � �c) demonstrated
the suitability of the model and supported the idea that the quinagolide–�-
CD complex has 1:1 stoichiometry. The mobility ratio technique was also
used for the determination of binding constants of enantiomers (diastereo-
mers) of (6R,S)-leucovorin (LV) and its biologically active metabolite
(6R,S)-methyltetrahydrofolate (ME) to �-CD (19). A difference greater than
the standard deviation was not found between the values of the binding
constants of stereoisomers of leucovorin with �-CD. Nonetheless, acceptable
enantioseparation was observed in CE. This result, together with relatively
large difference between the mobilities of the complexes of leucovorin ste-
reoisomers with �-CD, suggested that chiral separation occurs at least in part
due to a difference in the electrophoretic velocities of the complexed species.

Goodall and co-workers (20,21) used CE for the determination of the
binding constants of tioconazole enantiomers with CD-type chiral selectors
and for the optimization of the enantioseparation of this compound. The
required corrections to the net mobilities of the solute due to the increased
viscosity of the background electrolyte with increasing CD concentration
were made in these studies. The effective mobilities of both enantiomers of
tioconazole were measured as depending on the concentration of hydroxy-
propyl-�-CD (HP-�-CD). The treatment of experimental points using the
nonlinear least-squares fitting technique gave the binding constants of (�)-
and (�)-tioconazole as 201 � 10 and 231 � 12 M�1, respectively (20).
Using calculated values of binding constants, the optimum concentrations
for obtaining the maximum mobility difference between enantiomers and
maximum peak resolution were determined. These concentrations were 4.63
and 6.65 mM, which were in good agreement with experimental observa-
tions. Later, these authors determined the binding constants of tioconazole
enantiomers with �-CD and dimethyl-�-CD and established some invariance
between the binding strength and enantioselectivity. Excellent agreement
was obtained between the calculated and experimentally observed concen-
tration dependence of the mobility difference between the tioconazole en-
antiomers (Fig. 1). The determination of the binding enthalpy (�H�) and
binding entropy (�S�) of tioconazole enantiomers with �-CD in the same
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Fig. 1 Measured and predicted enantiomeric mobility difference of tioconazole as
a function of free-�-CD concentration. (Reproduced with permission from Ref. 11.)

study indicated that �H� provides the dominant contribution for binding.
However, the ��H� and T��S� terms gave comparable contributions to the
enantioselectivity of binding (11). In another study by the same group the
binding constants were determined for racemic propranolol and dansylated
amino acid derivatives and CE and HPLC were compared. Good correlations
were found between these two techniques, not only when performing en-
antioseparations but also when they were used for calculation of binding
constants (21).

Valko et al. (22) studied the separation of mandelic acid enantiomers
with �-CD and calculated very low binding constants 2.8 and 2.4 M�1 for
the D- and L-enantiomers, respectively. The weak binding of mandelic acid
to �-CD was explained by the large size of the �-CD torus for such a small
molecule as mandelic acid. Unlike the enantiomers of leucovorin and its
active metabolite, for which weak binding was associated with low enantio-
selective (19), fairly high enantioselectivity was found for weakly bonded
enantiomers of mandelic acid with �-CD (KD /KL = 1.17).

The binding constants of salbutamol enantiomers and also of several
chiral and achiral impurities of this compound with CDs were determined
by Rogan et al. (23). The results of these calculations, together with some
mobility characteristics of the transient diastereomeric complexes, were used

© 2003 by Marcel Dekker, Inc.



in the discussion of the concentration effect of the chiral selector on the
enantioseparation.

Wren et al. (24) determined the binding constants of the enantiomers
of propranolol and atenolol with DM-�-CD. The results explained well the
experimental observations on the separation of the enantiomers of these
compounds in CE. In particular, the enantiomers of propranolol, for which
the binding constants and the binding selectivities (KR /KS) were higher, were
resolved better and at lower DM-�-CD concentration than were the enan-
tiomers of atenolol.

Cooper et al. (25) studied the dependence of the mobility difference
of the enantiomers of several dansyl-D,L amino acids on the �-CD concen-
tration and calculated the binding constants of enantiomers as well as the
mobilities of the transient diastereomeric complexes of D- and L-enantio-
mers. These calculations indicated that the mobilities of transient complexes
of �-CD with both enantiomers of singly charged D,L-dansyl amino acids
were the same, whereas the mobilities of the transient diastereomeric com-
plexes between double-charged dansyl-D,L amino acids (glutamine, aspara-
gine) and �-CD were markedly different. This is an important finding, be-
cause the same mobility of transient diastereomeric complexes of the
enantiomers of a given compound with the same chiral selector is assumed
in some theoretical models of chiral CE separations.

The existence of the aforementioned difference between the mobilities
of transient diastereomeric complexes of the enantiomers with the chiral
selector may have some important consequences in chiral CE. For instance,
the enantioseparation can, in principle, be possible even in those cases when
the binding constants of both enantiomers to a given chiral selector are the
same. On the other hand, this may allow, in certain cases, observation of
the reversal of the enantiomer migration order, depending on the concentra-
tion of the chiral selector (17).

The discussion clearly shows the limitations of Eq. (18) for calculating
the optimal chiral selector concentration. As already mentioned, Eq. (18)
was derived based on the assumption of equal mobility of both diastereo-
meric complexes, which indeed is not always the case. This means that Eq.
(18) is not absolutely reliable for calculation of the optimal chiral selector
concentration in CE.

Cooper et al. (26) determined the binding constants and the mobility
characteristics for three binaphthyl derivatives with �-, �-, and �-CDs. As
shown, the transient diastereomeric complexes of the enantiomers of these
compounds differ from each other in their mobilities. This effect is most
pronounced in the case of 1,1�-binaphthalene-2,2�-diyl hydrogen phosphate.
The change in enantioseparation depending on the �-CD concentration could
be explained well for each solute–�-CD pair based on the binding studies.
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The possible reversal of the migration order of the 1,1�-binaphthalene-2,2�-
diyl hydrogen phosphate enantiomers could also be predicted based on these
studies, but it has been not verified experimentally.

Baumy et al. (27) determined the binding constants for two 3,4-
dihydro-2H-1-benzopyran derivatives of �-CD. These binding constants
were then used to calculate the optimal concentration of chiral selector for
the enantioseparation of the two compounds. The calculation of the optimal
concentration of the chiral selector was performed according to Eq. (18).
Good agreement was found between the calculated and experimentally ob-
served optimum concentrations for the two compounds.

Gahm and Stalcup (28) determined the binding constants of selected
N-(3,5-dinitrobenzoyl)-D,L-amino acids (DNB-D,L-AA) with �-CD and then
used these data to describe the relative stability of complexes of different
CD derivatives with DNB-D,L-phenylalanine (DNB-D,L-PA). The CD deriv-
atives in this study were selectively naphthylethylcarbamoylated �-CDs. The
original technique used in this study to characterize the relative complex
stability of these CDs with DNB-D,L-PA includes the addition of the latter
to the background electrolyte and the injection of the aforementioned CD
mixture as an analyte. Independent of the configuration of the pendant group,
stronger binding of the amino acids and CD was found with the primary
rather than the secondary substituted isomer. This result indirectly indicates
that the amino acids form complexes by inclusion in the CD cavity from
the secondary side. This study showed that stronger binding at the early
stage of chiral CE development does not necessarily improve chiral recog-
nition and that a more important factor is the difference between the binding
strengths of the enantiomers.

Sänger-van de Griend et al. (29) determined the binding constants of
several local anaesthetics with DM-�-CD. These data showed that the achiral
separation of analogues is a result of their mobility difference, whereas the
resolution of enantiomers results from the difference in their binding con-
stants with CDs.

Especially high binding constants were calculated for (R)- and (S)-
doluxetine enantiomers with the anionic CD derivative SBE-�-CD, i.e., 4840
� 120 and 7480 � 300 M�1, respectively (30). Although these data seem
somewhat overestimated, they are in good agreement with CE separation
results, where the enantioresolution of duloxetine was observed using an
extremely low concentration (<0.1 mM) of this chiral selector.

Lelievre and Gareil (31) studied chiral separations of nonsteroidal
anti-inflammatory drugs (carprofen, flurbiprofen, indoprofen, ketoprofen,
naproxen, propafenone, and suprofen) and determined the acidity and inclu-
sion complex formation constants of these chiral compounds with different
neutral CDs (�-CD, HP-�-CD, DM-�-CD, TM-�-CD, and HP-�-CD). In
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confirmation of several other studies, this study showed again that strong
binding between the CD and the enantiomers is not mandatory for the en-
antioseparation. In particular, TM-�-CD could resolve the enantiomers of
all the arylpropionic acid derivatives studied while showing lower complex-
ing ability than the other CDs tested.

Vigh and co-workers intensively used CE for the determination of the
binding constants of enantiomers with CDs in their studies on the modeling
and optimization of chiral CE separations (32–36).

Together with Eqs. (4) and (5)–(7), Vespalec et al. (37) recommended
the use of an equation for the determination of the mean of the host–guest
interaction constants. This equation seem to be useful for the determination
of the binding constants in some cases, whereas in other cases its use seems
impracticable. In particular, the use of this equation for the calculation of
the average binding constants of enantiomers does not give marked savings
in the time required to perform the experiment. Additionally, this technique
provides only the binding constants averaged for the two enantiomers. In
chiral separations this constant is of minor intersect, whereas the binding
constants of the individual enantiomers to the chiral selector are more in-
formative. On the other hand, reaching the concentration optimum, which
is necessary in this technique, is not always possible (for weak complexes),
owing to the limited solubility of the CD. Finally, the observed optimum on
the mobility difference–concentration curve can be shifted significantly from
its intrinsic thermodynamic value because in addition to the selector–selec-
tand binding, other factors may affect the effective mobility of analytes in
CE. This can lead to significant errors in the calculation of the mean value
of the binding constants.

As mentioned earlier, the basic goal of the aforementioned studies on
the determination of enantioselective binding constants between chiral drugs
and cyclodextrins has been the determination of the optimal cyclodextrin
concentration required for the CE enantioseparation. However, in some of
these studies, the authors already paid attention to the fact that the mobility
of transient diastereomeric complexes of the two enantiomers with a chiral
selector are not always the same (19,26), as this has been assumed in some
theoretical models for simplicity reasons. Thus, the mobility difference be-
tween the transient diastereomeric complexes can contribute to enantiosep-
arations observed in CE. The more significant consequence of the effect
mentioned earlier can be that in some cases the enantiomer migration pattern
observed in CE separation can be the result of either the difference in the
binding constants or the mobility of diastereomeric complexes (17). This
phenomenon has been intuitively correctly supposed to be the reason for the
reversal of the enantiomer migration order of dansyl-D,L-phenylalanine de-
pending on the concentration of HP-�-CD in an early study by Schmitt and
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Engelhardt (61). Even more interesting can be the enantioseparation with
equal binding constants of both enantiomers with the chiral selector but
different mobility of the transient diastereomeric complexes. This is concep-
tually possible in chiral CE, in contrast to chromatographic techniques with
immobilized chiral selectors (3,4).

In the most recent works by Li and Waldron (38), Rizzi and Kremser
(13), and Scriba and coworkers (14,15), binding studies are used to follow
the mechanisms underlying enantioseparations in CE. The enantiomer mi-
gration order of amphoteric compounds such as amino acids and peptides
can be reverted in CE by analyzing the components either in the cathionic
or in anionic form (17). In addition, Li and Waldron reported the opposite
migration order of the LL/DD enantiomeric pairs of Ala-Phe and Leu-Phe at
pH 2.5 and 3.5 using �-CD as chiral selector (38). The origin of this phe-
nomenon is different from that mentioned earlier because the sign of the
charge of the dipeptide does not revert in the pH range 2.5–3.5. The reverse
migration order was also found for the tripeptide enantiomers Gly-�-L-Asp-
D-PheNH2 and Gly-�-D-Asp-L-PheNH2 between pH 3.6 and 5.3 in the pres-
ence of carboxymethyl-�-cyclodextrin (39). A similar effect was also de-
scribed for several di- and tripeptides when resolved with various neutral
and charged CDs in the studies by Sabbah and Scriba (14,41). In 1999 Rizzi
and Kremser reported a detailed study on the influence of the complexation-
induced pKa shift on the mobility of the complexes between dansylated
amino acids and hydroxypropyl-�-CD (13). This study provided a key for
the explanation of the pH-dependent reversal of the enantiomer migration
order mentioned earlier as well as for the concentration-dependent enanti-
omer migration order reversal described in Ref. 61. It was shown that in the
pH range pKa � 2 units, complex mobility was the dominant factor, com-
pared to the complexation constants, in determining the migration order of
the amino acid enantiomers in several cases and even led to a reversal of
the enantiomer migration order with increasing concentration of the cyclo-
dextrin (13). In particular, at pH 2.5, D-DNS-Phe is the preferentially bound
enantiomer to HP-�-CD (KL = 117 and KD = 147 m�1), and the complex D-
DNS-Phe/HP-�-CD also possesses higher mobility at this pH = 3.40complex(�L

� 10�5 and = 4.28 � 10�5 cm2 V�1 s�1, respectively) (13). Thiscomplex�D

means that at lower CD concentration when the enantiomers migrate favor-
ably in free form, the affinity toward the chiral selector will determine the
enantiomer migration order. At high concentrations of CD when the enan-
tiomers favorably migrate in the complexed form, the mobility of transient
diastereomeric complex will determine the enantiomer migration order. This
would be a sound explanation of the experimental data reported in Ref. 61.
However, as mentioned by the authors (13), the aforementioned pattern of
the binding constants and the mobilities of the diastereomeric complexes
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holds at pH 2.5 and not at pH 6.0, at which the experiment was performed
in Ref. 61. Based on the detailed investigation of the complexation constants
and the mobilities of the complexes between the enantiomers of Ala-Phe
and Phe-Phe and carboxymethyl-�-CD, it was found that both the complex-
ation constant and the complex mobility influence the enantiomer migration
order (14). At pH 2.5, when the peptides are protonated, complex mobilities
of the LL- and DD-dipeptide enantiomers with the cyclodextrin were similar
and the migration order was determined by the complexation constants. At
pH 3.5–3.8, the pH range slightly above the pKa values of the carboxylic
acid group of dipeptides (which range between 2.8 and 3.6), the influence
of the complex mobilities becomes more significant. Thus, the complex mo-
bility apparently determined the enantiomer migration order in the case of
Ala-Phe, leading to the migration order DD before LL, while the influence
of the complexation constants dominated in the case of Phe-Phe, resulting
in the migration order of the LL-peptide before the DD-epimer (14).

Thus, as shown earlier, CE represents a suitable technique for the de-
termination of enantioselective binding constants between chiral drugs and
cyclodextrins. The results obtained under appropriate conditions are reason-
able and can be applied for optimization purposes as well as for a better
understanding of the fine nuances of chiral CE separations. On the other
hand, some care must be taken for the proper application of CE methods
for the determination of the binding constants as well as when applying
these data. A critical review of the calculation of stability constants for the
chiral selector–enantiomer interactions from electrophoretic mobilities has
been published by Vespalec and Bocek (40).

The main disadvantage of CE for the investigation of interactions be-
tween chiral drugs and cyclodextrins is that CE does not provide any direct
information on the structure of selector–selectand complexes. In the next
section, some complementary techniques for the investigation of chiral
drug–cyclodextrin interactions are discussed and parallels are drawn be-
tween these techniques and CE.

IV. COMPLEMENTARY TECHNIQUES FOR INVESTIGATION
OF CHIRAL DRUG/CYCLODEXTRIN INTERACTIONS

A. Nuclear Magnetic Resonance Spectroscopy

1. Chiral Recognition Pattern

Nuclear magnetic resonance spectroscopy is an established technique for
studies of stereoselective intermolecular interactions. The application of this
technique in combination with CE has been discussed in several review
papers (3,4,62,63). In this overview, the potential of NMR spectroscopy is
illustrated using just a few examples from the authors’ own studies. The

© 2003 by Marcel Dekker, Inc.



Fig. 2 600 MHz 1H-NMR spectra of (a) (�)-CL/�-CD and (b) (�)-CL/HDAS-�-
CD complexes. The external standard was tetramethylsilane and the solvent was
D2O. (Reproduced with permission from Ref. 65.)

space limitations of this chapter do not allow a thorough discussion of all
published results on the subject.

Although the chiral recognition potential of CE seems to be in general
higher than that of NMR spectroscopy, sometimes the latter may allow one
to observe the enantioselective effects unseen in nonoptimized CE experi-
ments. Several examples of this kind have been described in the literature
(see, for example, Ref. 64). Nuclear magnetic resonance spectroscopy pro-
vides considerable information on the environment of individual atoms and
their involvement in intermolecular and intramolecular interactions, in con-
trast to most other techniques, which provide characteristics that are aver-
aged over all atoms in the molecule and over all possible complexes in a
given selector–selectand system. Thus, complexation-induced chemical
shifts (CICS) observed on the individual atoms and functional groups as
well as the pattern of the spectrum may provide some preliminary infor-
mation regarding the structure of selector–selectand complex. Thus, for ex-
ample, 1H-NMR spectra of chiral drug clenbuterol (CL) complexes with �-
CD and heptakis-(2,3-diacetyl-6-sulfo)-�-CD (HDAS-�-CD) shown in Fig.
2 indicate that the aromatic moiety of CL is involved in the complex for-
mation with �-CD and that the n-alkyl part is involved in the complex
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Fig. 3 Enantioseparation of (�)-CL with (a) 1 mg/mL HDAS-�-CD, and (b) 18
mg/mL �-CD. The separation capillary was fused silica with 40/47 cm effective/
total length and 50 �m I.D. Detection was performed at the cationic side of the
capillary. Applied voltage 20 kV; 100 mM phosphate-TEA buffer, pH 3.0. UV de-
tection (214 nm). (Reproduced with permission from Ref. 65.)

formation with HDAS-�-CD. This can be the potential reason for the op-
posite affinity of CL enantiomers to these two cyclodextrins (Fig. 3) (65).

2. Stoichiometry of Chiral Drug/Cyclodextrin Complexes

Information about the stoichiometry of selector–selectand complex is diffi-
cult to gain from CE. However, this knowledge is useful in order to char-
acterize the structure of intermolecular complexes as well as for the calcu-
lation of the binding constants. Previous research and review papers (3,
4,62,65) summarize the application of this technique to the problems related
to chiral CE. As shown in Fig. 4, despite the involvement of different parts
of the CL molecule in complex formation, the stoichiometry of CL com-
plexes most likely is the same (1:1) with �-CD and HDAS-�-CD (65).

3. Binding Constants of Intermolecular Complexes

As mentioned earlier, CE is a useful and flexible microanalytical technique
for obtaining reliable binding constants of intermolecular selector–selectand
complexes. At first glance, NMR spectrometry offers no marked advantage
for the determination of binding constants. It requires a set of samples and
may appear more expensive and time consuming than CE. However, NMR
spectroscopy is free from some of the aforementioned disadvantages of CE,
and in addition it provides multiple sets of data points. Thus, the binding
constants determined using NMR experiments may be statistically more re-
liable. To date, in only a single study were the binding constants determined
using both. CE and NMR spectroscopy (Table 1) (16). As these studies
indicated, the enantioselective binding constants in �-CD/promethazine
complex determined using CE allowed more precise prediction of the opti-
mal �-CD concentration for the enantioseparation of this chiral drug. Ref-
erences 3, 4, 17, 62, and 63, as well as the research papers cited therein,
provide more comprehensive information on the enantioselective binding
constant determinations by NMR spectroscopy that are related to chiral CE.

4. Structure of Intermolecular Complexes

Nuclear magnetic resonance spectroscopy is the most powerful technique
for the determination of the structure of intermolecular complexes in solution
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Fig. 4 Continuous variation plots for (a) (�)-CL/�-CD and (b) (�)-CL/HDAS-�-CD complexes. The complexation-induced
chemical shifts of aromatic protons were used for the construction of Job’s plots in the case of (�)-CL/�-CD complex and
the protons of tert-butyl moiety in the case of (�)-CL/HDAS-�-CD complex. (Reproduced with permission from Ref. 65.)
 
 
 
 
 
  © 2003 by Marcel Dekker, Inc.



Table 1 Binding Constants Between �-CD and the Enantiomers of Promethazine
Determined Using CE and NMR Spectroscopy

Experimental
technique Curve-fitting method K(�), M�1 K(�), M�1 K(�) /K(�)

CE x-reciprocal 1129 967 1.17
y-reciprocal 1330 1140 1.17
Double reciprocal 1029 863 1.19
Nonlinear curve-fitting 1262 1112 1.10

NMR spectroscopy Linear regression 2927 1790 1.64

(66). In this short subsection, only structural studies related to chiral CE are
mentioned.

The chemical shift pattern, line-shape analysis, and nuclear Overhauser
effect (NOE) may be used to obtain information on the structure and dy-
namics of the complexes. The data obtained using NOE are easier to inter-
pret and seem to be more direct. Several studies illustrate the feasibility of
this technique for structure elucidation of complexes relevant to chiral CE
(3,63–72). It does not seem reasonable to perform an NOE experiment in a
routine way for any selector–selectand complex, because such an experi-
ment requires measurements with rather strong magnets and may be expen-
sive and time consuming. However, in certain cases NOE studies provide
unique information that is impossible to obtain using any alternative tech-
nique. One example of NOE studies related to chiral CE is shown in Fig. 5
(64). The possible structural reasons for opposite affinity of the enantiomers
of chiral drug aminoglutethimide (AGT) toward native �- and �-CD was
investigated in this study. The NOE data depicted in Fig. 5 allow one to
deduce the structure of the complexes shown in Fig. 6. Thus, by selective
saturation of the aromatic protons in the ortho position of (�)-AGT, equally
strong intermolecular NOE effects were observed for both H-3 and H-5
protons of �-CD (Fig. 5a). However, by irradiation of the aromatic protons
in the meta position, only a minor effect was observed for the H-3 protons
of �-CD and the NOE effect appeared instead on the H-6 protons. These
data support a deep inclusion of the p-aminophenyl moiety of the AGT
molecule in the cavity of �-CD, entering it from the wider secondary side
(Fig. 6a). The deep inclusion of the aromatic moiety of the AGT molecule
in the cavity of �-CD on the secondary side is also supported by a significant
NOE effect observed between the H-3 protons of CD and the ethyl moiety
of AGT. Rather strong ‘‘NOE-like’’ effects observed on the external CD
protons in this experiment make it questionable whether the structure rep-
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Fig. 5 1D-ROESY spectra of (�)-AGT and two equivalents of (a) �-CD and
(b) �-CD. (Reproduced with permission from Ref. 64.)
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Fig. 6 Structure of AGT complexes with (a) �-CD and (b) �-CD derived based on
the 1D ROESY spectra depicted in Fig. 5. (Reproduced with permission from Ref.
64.)
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resented in Fig. 6a is the only possible structural element of this complex
or whether the alternative structures are also present.

In contrast to the AGT/�-CD complex, the NOE effect decreased for
the H-5 protons and remained almost unchanged for H-3 protons when ir-
radiating the protons in the meta position instead of the protons in the ortho
position of the aromatic ring of AGT in the (�)-AGT/�-CD complex (Fig.
5b). These data support a complex formation from the narrower primary side
of �-CD, with the amino group ahead (Fig. 6b). The glutarimide ring is
apparently less involved in complex formation in this case. However, the
involvement of the methyl group in complex formation by a still-unknown
mechanism cannot be completely excluded. The structure of the (�)-AGT/
�-CD complex depicted on Fig. 6b was derived by saturation of the aromatic
protons of AGT. The structure was also supported by the data that were
obtained when the �-CD protons were saturated and the response was ob-
served for the aromatic protons of AGT. Thus, when saturating the H-5
protons of �-CD, the response for the protons in the ortho position of the
aromatic ring was more pronounced than the protons in the meta position.
However, a similar response was observed for both ortho and meta protons
of the aromatic ring when �-CD protons in position 3 were saturated.

Thus, as illustrated earlier, rotating-frame nuclear Overhauser and
exchange spectroscopy (ROESY) experiments may provide a reasonable ex-
planation for the significant qualitative and quantitative differences observed
in selector–selectand interactions related to chiral CE. This information be-
comes even more important when the alternative techniques for structure
elucidation fail. This was the case with the AGT/CD complexes that formed
monocrystals, but of a twin-type that were not suitable for X-ray crystallo-
graphic studies. Although ROESY seems to be a powerful technique for
structural investigation of noncovalent complexes in a liquid phase, the ex-
perimental data need to be interpreted very carefully. Thus, a detailed anal-
ysis of the earlier-described ID-ROESY spectra of the AGT/CD complexes
may indicate that the structures shown in Fig. 6 are just fragments of rather
complex supramolecular aggregates. This seems even more likely when con-
sidering a certain tendency of AGT to form dimers in aqueous solution,
which has been also confirmed by the X-ray crystallographic data in the
solid state.

B. Mass Spectrometric Techniques

As already mentioned, it is difficult to obtain information on the stoichi-
ometry of cyclodextrin–analyte complexes based on CE separations. Nu-
clear magnetic resonance and other spectrometric techniques (UV, circular
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dichroism, etc.) are useful for obtaining this complementary information.
For determination of the stoichiometry of a complex using these techniques,
the construction of Job’s plot is required, which requires a certain amount
of sample and, in addition, is rather expensive and time consuming. The
advantage of mass spectrometric (MS) techniques that provide m/z ratio is
that the stoichiometry can be determined from a single experiment. Another
interesting advantage of MS is that this technique may provide information
on the individual complexes that may coexist in the solution between a given
analyte and a selector, between one selector and multiple analytes, vice
versa, or both multiple selectors and multiple analytes. Most other tech-
niques mentioned in this chapter do not allow one to obtain information of
this kind. Only CE may allow this for a single selector and multiple analytes
or vice versa, but not for multiple analytes and multiple selectors as well as
when a given analyte and a given selector from the complexes with a dif-
ferent stoichiometry.

In the electrospray ionization MS (ESI MS) experiment shown in Fig.
7, the relative complex formation ability of AGT was investigated for dif-
ferent sugar derivatives (D-glucose, �-CD, �-CD, and �-CD). This single
experiment indicates that from the sugars studied AGT exhibits the highest
affinity toward �-CD, and the complex with 1:1 stoichiometry is formed in
this case. Various examples of applications of ESI MS for investigation of
chiral drug–CD complexes are summarized in the reviews in Refs. 62 and
63 and the research papers cited therein.

In the ESI MS studies some care must be taken due to the possible
formation of ‘‘false peaks’’ (73). The time-of-flight (TOF) ESI MS equip-
ment of a new generation with an orthogonal interface design allows one to
avoid somewhat experimental artifacts of this kind.

Together with ESI MS, other soft ionization MS techniques, such as
matrix-assisted laser desorption/ionization time of flight (MALDI TOF) and
fast atom bombardment (FAB) MS, may be used for the determination of
the stoichiometry of selector–selectand complexes.

C. X-Ray Crystallography

X-ray crystallography has a long history as a powerful technique for inves-
tigating the structure of CDs and their complexes in the solid state. The first
experimental evidence of the inclusion complex formation ability of CDs in
the solid state was obtained by Hyble et al. in 1965 using this technique
(74). X-ray studies of CD complexes have been summarized in several re-
cent reviews (75,76). However, few studies relevant to chiral CE have been
published (69,70). This may be for the following reasons: (1) X-ray crys-
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Fig. 7 ESI MS spectrum of 0.1 mg/mL (�)-AGT and equimolar amounts of glucose, �-, �-, and �-CDs. (Repro-
duced with permission from Ref. 64.)
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tallography is a solid-state technique and CE operates in a liquid phase, so
these two techniques may not ideally correlate with each other. (2) Growing
monocrystals of suitable size containing both counterparts (a selector and a
selectand) requires experience. (3) High-quality X-ray crystallographic ex-
periments on monocrystals is time consuming and rather expensive. (4) The
structure generation from the experimental data requires powerful computer
software and is not always trivial. Despite the aforementioned, X-ray crys-
tallography may sometimes appear very useful for structural studies related
to enantioseparations in CE.

ID-ROESY studies performed on the complex between (�)-BrPh and
�-CD in solution did not allow one to explain the NOE effect observed on
the protons of the maleate counteranion (70). X-ray crystallographic studies
performed on the monocrystals obtained from a 1:1 aqueous solution of (�)-
BrPh maleate and �-CD (Fig. 8) provide a plausible explanation for the
contradiction maintained in Ref. 70. In particular, as shown in Fig. 8, (�)-
BrPh forms with �-CD, at least in the solid state, not a 1:1 complex but a
complex with 1:2 stoichiometry. In this complex the (�)-BrPh molecule is
sandwiched between two molecules of �-CD. The 4-bromophenyl moiety
of (�)-BrPh enters the cavity of one of the �-CD molecules, whereas the
cavity of another �-CD molecule is occupied by the maleate counteranion.
Thus, X-ray crystallography may provide useful information on the supra-
molecular structure of the selector–selectand complexes and in this way
complement well 1D-ROESY data. However, the aforementioned possible
differences between the structure of the complexes in solution and in the
solid phase must be considered.

D. Molecular Modeling Techniques

Molecular modeling calculations may allow one, in the ideal case, to com-
pute in a reasonable time and rather precisely the energy and structure of
intermolecular complexes of biomedical, pharmaceutical, and chemical
relevance.

In the early 1990s, several studies were published on the computation
of selector–selectand interactions in chiral CE. This relates basically to the
interactions between CDs and their chiral guests, which seem to be caused
by the fact that CDs are rather rigid molecules of medium size and therefore
calculations for these molecules are easier and faster and may be rather
precise. In addition, many CDs are well studied by alternative techniques
for structure elucidation. Among these, X-ray crystallographic data are of
the highest interest.

A separation factor observed in any instrumental technique is defined
by the difference between the free energy of formation of transient diaste-
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Fig. 8 Structure of (�)-BrPh maleate �-CD complex in the solid state determined
by X-ray crystallography. (Reproduced with permission from Ref. 70.)

reomeric complexes between enantiomers and a chiral selector. Therefore,
the exact calculation of the absolute energy values is not required in molec-
ular modeling studies related to enantioseparations. This simplifies the cal-
culations. On the other hand, due to the extremely high efficiency of CE,
this technique allows one to observe the enantioseparation even in those
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selector–selectand pairs where the previously mentioned difference between
the free energy of formation of diastereomeric complexes is extremely small.
The precise calculation of very small energy differences remains a chal-
lenging task even for very sophisticated state-of-the-art energy minimization
software. Additional care must be taken in order to maximally approach a
model to the real separation conditions. Thus, for instance, the molecular
modeling calculations are often performed in vacuum without taking into
account the effect of the medium. However, the aqueous medium commonly
used in CE dramatically affects the hydrophobic and hydrogen-bonding in-
teractions. Moreover, the ionic strength of the buffer plays a decisive role
for electrostatic intermolecular interactions. Another important point is the
correct selection of the starting and boundary conditions for energy mini-
mization. Incorrectly defined conditions may totally confuse the calculations.
For instance, when performing the molecular modeling calculations for the
complex between TM-�-CD and (�)-BrPh in a neutral form, energy values
were obtained that indicated that the complex formed with the alkylamino
moiety included in the cavity of TM-�-CD would be energetically favorable.
The structure with the alkylamino moiety included in the cavity was also
observed in X-ray experiments performed on the monocrystals obtained from
the mixture of aqueous suspension of deprotonated (�)-BrPh as a free base
and TM-�-CD. These results are contradictory to the structure derived for
brompheniramine hydrochloride/TM-�-CD complex from the 1D-ROESY
experiment in solution. The intermolecular NOE effects observed in this
experiment clearly indicated the inclusion of the 4-bromophenyl moiety in
the cavity of TM-�-CD (70). Taking into consideration that the protonated
form of (�)-BrPh was applied for the 1D-ROESY studies in solution, the
force-field calculations were performed again for interactions of a single
positively charged (�)-BrPh with TM-�-CD. The energy values obtained in
this case clearly indicate that the complex formation with the 4-bromophenyl
moiety of the (�)-BrPh molecule included in the cavity of TM-�-CD is
energetically favorable, which is in agreement with the structure observed
using 1D-ROESY studies in solution (70).

A general overview of the molecular modeling techniques applied to
chiral hosts can be found in papers by Lipkowitz (77,78). Some special
aspects of molecular modeling techniques related to chiral CE and earlier
studies on the subject are summarized in Refs. 3, 17, 79, and 80.

In summary, molecular modeling when used in combination with in-
strumental techniques, especially 1D-ROESY and X-ray crystallography,
may significantly contribute to understanding the nature of the intermole-
cular forces responsible for chiral drug–cyclodextrin interactions and chiral
recognition.
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I. SCOPE

This chapter will give an overview of ACE applications for the investigation
of drug–protein and protein–protein interactions. It starts with a short in-
troduction on the available experimental setups and methods used for the
determination of binding constants. The discussion of drug–protein inter-
actions begins with drug binding to receptor proteins, which function as
drug targets to exhibit a pharmacological effect. This is followed by a dis-
cussion of the binding of drugs to plasma proteins, which usually function
as transport proteins. The possibility of studying the stereoselectivity and
especially the enantioselectivity of drug–protein interactions by ACE is also
examined. This includes an overview of applications where proteins are used
as chiral selectors for the separation of drug enantiomers by capillary elec-
trophoresis. These are not ACE investigations with the aim of calculating
binding constants. However, enantiomeric separations are increasingly im-
portant in the pharmaceutical industry and one of the applications where the
advantages of capillary electrophoresis count most. On the other hand, ap-
plications dealing with interactions to antibodies are not included in this
chapter. Readers interested in this field are referred to Chapter 12 of this
book, ‘‘Characterization of Immunoreactions.’’Applications dealing with im-
mobilized species on the capillary, such as polymer networks and imprinted
polymers, and very recent developments in capillary gel electrophoresis
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(CGE) and capillary electrochromatography (CEC) are also not covered. The
authors took care to include all relevant references. Nevertheless, some note-
worthy investigations may have been overlooked. Readers more interested
in this specific field of ACE are therefore referred to recent reviews (1–7)
that deal especially with different aspects of drug–protein binding inter-
actions.

II. INTRODUCTION

The interactions of proteins with various ligands are key processes in the
regulation pathways in living organisms. Drugs as extraneous substances to
fight pathological symptoms interfere with proteins in different ways. In
some cases a specific protein is the target of a drug. Then the molecular
structure of the drug should fit properly the binding site of the receptor
protein to exhibit a specific pharmacological effect. There should be a high
affinity of the drug to the target protein, leading to rather irreversible drug–
protein complexes. The drug–protein binding constant gives a quantitative
measure and is important during the drug development and design process
as well as in preclinical studies to check possible side effects or displacement
by other drugs. The affinity of drugs to plasma transport proteins such as
albumins, �1-acid glycoprotein (AGP), and lipoproteins is somewhat differ-
ent. In most cases the binding is weak and reversible and has two major
aspects. On the one hand, the proteins may act as transport vehicles and also
prevent drug metabolism, thereby prolonging the duration of drug activity.
On the other hand, the drug portion that binds to the plasma proteins is
considered unable to diffuse from blood to the extravascular action site.
Therefore analytical methods are necessary to determine the extent of bind-
ing and to monitor the unbound portion of drug as the species executing the
pharmacological effect. Conventional methods used for this determination
are equilibrium dialysis, ultrafiltration, and ultracentrifugation. Spectroscopic
methods such as UV, fluorescence, and NMR spectroscopy are especially
suitable for giving insights into changes in protein conformation during the
process of drug binding. Among the separation techniques, chromatographic
procedures have been established for many years to explore drug–protein
binding. The more recently developed ACE methods gain their attractiveness
especially because they work in free solution without the need to immobilize
one of the binding partners and because the usual separation solution con-
tains only plain buffer and therefore better mimics native conditions. This
is especially important for proteins, which easily tend to denature or at least
to change the three-dimensional structure.

A further aspect is the fact that most drugs are small molecules with
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chiral centers. Proteins as binding partners are built up by L-amino acids
and are therefore also chiral species. Drug–protein interaction leads to dif-
ferent diastereomeric complexes, which means that drug enantiomers may
have different binding affinities to the receptor protein as well as to serum
transport proteins. Nevertheless, a lot of drugs are still administered as ra-
cemic mixtures. In recent years, however, regulation agencies such as the
FDA force pharmaceutical companies to produce enantiomeric pure drugs
in cases where the activity of the enantiomers are very different and to make
sure that the less or not acting enantiomer has no pharmacological side
effect. This boosted the development of enantioselective syntheses and of
methods that are able to distinguish enantiomers and to measure enantio-
meric purity. Among those methods, separation techniques are especially
important, because they can give a direct measure of the enantiomeric ratio;
capillary electrophoretic procedures seem especially suited.

III. DRUG–PROTEIN BINDING

The binding of a drug to a protein can be monitored by capillary electro-
phoresis, if the at least temporarily established drug–protein complex ex-
hibits mobility changes as compared to the free drug and/or protein, e.g., if
the ratio of charge to hydrodynamic radius is different. Whereas a mobility
difference between the drug and the drug–protein complex can be most often
assumed, the difference between the free protein and the drug–protein com-
plex may frequently be rather insignificant. In recent years, several capillary
electrophoretic procedures have been developed to explore binding inter-
actions. They were exhaustively reviewed in recent years (8–10). We will
therefore give only a short overview of the most common procedures. The
Hummel–Dreyer method and the mobility-shift approach use identical set-
ups, as illustrated in Figure 1A. They differ, however, in the parameter cho-
sen to obtain the binding constant. In both cases one binding partner is added
in varying concentrations to the background buffer and the other is injected.
When studying drug–protein interactions, the partner of choice to inject and
monitor will most often be the protein. First the protein usually contains
many more chromophoric groups and will therefore have the better UV
detectability. Furthermore adding higher protein concentrations to the back-
ground buffer may result in problems because of protein interactions with
the inner capillary wall and lower detector sensitivity due to the protein
absorption. The mobility-shift approach uses the change in the mobility of
the injected species due to the interaction with the component added to the
buffer during the survey through the capillary. This requires, however, a
mobility difference between the protein and the drug–protein complex if the
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Fig. 1 Schematic representation of the experimental setups of the mobility-shift
method and the Hummel–Dreyer method (A); the vacancy peak method and the
vacancy affinity capillary electrophoresis method (B); the equilibrium-mixture
method and the frontal analysis method (C) for drug–protein binding analysis.

drug; protein; drug–protein complex; buffer. (Reprinted with permis-
sion from Ref. 38. Copyright 1992 Elsevier Science.)
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Fig. 1 Continued

protein is injected. The Hummel–Dreyer method uses the peak area of the
negative or vacancy peak of the component added to the buffer. A mobility
difference between the protein and the drug–protein complex is therefore
not required and would rather falsify the calculation of binding data. Both
methods are frequently used to investigate the interaction of drugs or other
ligands with receptor proteins. The setup of the vacancy peak and the re-
cently developed vacancy affinity capillary electrophoretis (VACE) method
(11) is exemplified in Figure 1B. Both interacting species are added to the
running buffer, one of them in varying concentrations, and plain buffer is
injected. While the VACE method uses the change in the mobilities due to
the complex formation to calculate the binding constant, the vacancy peak
method uses the peak area of the vacancy peak for that purpose. Up to now
there have been only a very few examples in the literature using these ap-
proaches. Figure 1C shows the experimental setup of the equilibrium-mix-
ture method and the frontal anlysis method. In both cases the capillary is
filled with running buffer and a pre-equilibrated mixture of the interacting
binding partners is injected. Whereas in the equilibrium-mixture approach
the usual small sample amount for capillary electrophoresis is injected, the
frontal analysis method utilizes a large sample plug. The latter one was
adapted from chromatograpic procedures and assumes that there is no mo-
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bility difference between the protein and the drug–protein complex. Most
of the published applications dealing with drug interactions with plasma
proteins use the frontal analysis method, perhaps because of the simple cal-
culation of the unbound drug concentration from the plateau peak height.
The equilibrium-mixture method, in contrast, requires not only a mobility
difference between the protein and the drug–protein complex but also sep-
arated peaks, because it uses the peak area for the binding constant calcu-
lation. This means that the lifetime of the drug–protein complex has to be
considerably longer than the time needed for the separation. This is also in
contrast to the other methods, which assume that the complexation process
is much faster than the migration process, and the measured migration time
is therefore averaged by a lot of association–dissociation processes that hap-
pened during the course through the capillary.

The choice of the ACE method most suited for a given drug–protein
interaction will therefore depend on several factors. Among them are inher-
ent properties of the complexation, such as the estimated dissociation con-
stant, the on/off-rates or multiple binding sites, as well as properties related
to the behavior under ACE conditions, such as solubility, detectability, ad-
sorption to the inner capillary wall, and mobility of all species under
investigation.

A. Binding to Protein Receptors

The binding of a drug to a target receptor protein is of prime interest to a
lot of researchers. First one searches for the native ligand of a target protein.
Then one tries to learn more about the binding site of the protein via epitope
mapping and searches in combinatorial libraries for known drug leads or in
peptide or other libraries for new ones. After this the lead compound has to
be modified to fulfill pharmacological criteria. The whole process of drug
discovery and development is accompanied by analytical methods necessary
to monitor and quantify the binding interactions. Among these methods,
capillary electrophoresis is increasingly recognized as a method of choice.
The speed of analysis, the minimum volume consumption, and the feasibility
of automation are special advantages over conventional methods that also
make it attractive for screening procedures. There are, however, not as many
examples published as for the interaction with plasma proteins, which are
discussed later. One reason may be that the affinity of drugs to target receptor
proteins is usually strong, which means in the lower nanomolar range. In
this case the calculation of reliable binding constants by ACE requires a
nanomolar concentration detection limit, which, on commercial instruments,
is possible only through laser-induced fluorescence (LIF), therefore making
necessary the fluorescence labeling of one of the binding partners.

The use of ACE methods to investigate protein–ligand interactions was
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inspired mainly by publications of the Whitesides group in the early 1990s
(12–17) and by Heegaard (18,19) and Walsh (20) as well. The Whitesides
group used the binding of vancomycin to dipeptides and of bovine carbonic
anhydrase to arylsulfonamides as model interactions. They studied the influ-
ence of changed electrophoretic conditions on the binding constant calcu-
lation and showed how to use ACE for the screening of libraries. The same
model systems were later employed by other groups to further investigate
methodological aspects (21–24).

Thomas et al. investigated the binding of procainamide metabolites to
hemoglobins and histone proteins (25). Nitrosoprocainamide was found to
bind to ferrohemoglobin with a dissociation constant in the lower micro-
molar range. The results were in good agreement with binding studies using
flow-injection analysis with electrochemical detection.

Kiessig et al. studied the interaction of the immunosuppressant drug
cyclosporin A and some derivatives to its cellular receptor protein cyclo-
philin (26). The cyclophilin–cyclosporin A complex mediates the immuno-
suppressive action of cyclosporin A by inhibition of the phosphatase calci-
neurin. Using ACE in the equilirium-mixture mode, a separation of the
cyclophilin–cyclosporin A complex and the unbound cyclophilin was
achieved. The approach allowed a qualitative estimation of the binding af-
finity of cyclosporin A derivatives compared to cyclosporin A. For the cal-
culation of binding constants, electrophoretically mediated microanalysis
was applied.

Other immunosuppressive drugs under investigation were FK506 and
rapamycin and its affinity to human FKBP12 (27). The hFKBP12-drug com-
plexes were separated from unbound protein and detected by hyphenation
to mass spectrometry.

Furthermore, the interaction of the immunosuppressant deoxyspergu-
alin and analogues to members of the heat shock protein family, which are
molecular chaperones that are involved in protein folding, especially under
cell stress conditions, was published by two research groups (28,29). Both
groups used the mobility-shift approach, and the calculated affinities were
in the lower micromolar range. Whereas Nadeau et al. (28) investigated the
binding of deoxyspergualin, two active analogues, and two inactive metab-
olites to Hsc70 and Hsp90, Liu et al. (29) focused on the binding of de-
oxyspergualin to the Hsc70 protein and to peptides from the protein digest
to gain more detailed information regarding the protein binding domain.

In another paper, Liu et al. (30) described the interaction of fibronectin
with heparin as a model system. The two distinct binding constants in the
nanomolar range were derived from Scatchard plots and found in good
agreement with published data. The established ACE binding assay was then
applied to the molecular interaction of a kedarcidin chromophore with apo-
protein. Dissociation constants in the lower micromolar range were calcu-
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Fig. 2 Representative electropherograms used for the binding studies of phospho-
rothioate oligodeoxynucleotides and HIV-1 glycoprotein gp120 by ACE-LIF. In the
left panel, the dissociation constant between GEM (labeled phosphorothioate oli-
godeoxynucleotide) and gp120 was measured. The samples contained 40 nM gp120
and 25 nM (A), 31.25 nM (B), 37.5 nM (C), or 43.75 nM (D) of GEM. In the right
panel, the competition constant of Sd(T2G4T2) (unlabeled phosphorothioate oligo-
deoxynucleotide) for the system GEM/gp120 was determined. Samples of 40 nM
gp120 and 37.5 nM GEM with concentrations of Sd(T2G4T2) of 0 �M (E), 0.156
�M (F), 0.313 �M (G), 0.625 �M (H), 1.25 �M (I), or 2.5 �M (K) were used.
Additionally, all samples contained 6.25 nM fluorescein-labeled proline as internal
marker. (Reprinted with permission from Ref. 32. Copyright 2000, Academic Press.)

lated and the effect of organic solvents as buffer additives was investigated.
Increasing the organic solvent content in the aqueous phase resulted in a
reduced binding affinity. This again points to the aspect mentioned in the
introduction, that one should avoid deviations from native conditions in ACE
whenever possible.

De Lorenzi et al. (31) investigated the interaction of the amyloidogenic
protein transthyretin with a pool of drugs chosen for their structural motifs.
Amyloidoses are diseases caused by protein misfolding and subunit misas-
sembly. The binding of a drug may stabilize the nativelike state, thereby
preventing the pathway that leads to a polymeric toxic fibrillar structure.
The mobility-shift approach was utilized for a preliminary screening, fol-
lowed by frontal analysis to evaluate the number of binding sites; ultrafil-
tration served as the conventional method to support the results. For 2 in 13
investigated drugs flurbiprofen and flufenamic acid binding constants in the
lower micromolar range were established. Whereas the results of the mo-
bility-shift approach and ultrafiltration are in good agreement, the data
gained from frontal analysis differed considerably. Frontal analysis was fi-
nally applied to investigate the interaction of transthyretin fibrils with the
natural ligand thyroxine.

The examples discussed up to now utilized UV detection almost ex-
clusively. This is the standard detection method in commercial instruments,
but it is limited to concentrations no lower than micromolar.

Zhou et al. (32) developed a competitive binding assay to investigate
the interaction of the viral envelope glycoprotein HIV-1 gp120 with potential
oligodeoxynucleotide-based drugs by ACE-LIF using the equilibrium-mix-
ture mode and Scatchard analysis. To establish the assay, a fluorescently
tagged 25-mer phosphorothioate oligodeoxynucleotide (GEM) served as
probe. The binding of increasing amounts of GEM to gp120 is illustrated in
Figure 2A–D. The samples were preincubated for 30 minutes; the electro-
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pherograms show peaks for the internal marker FITC-proline, the GEM-
gp120 complex, and the unbound GEM. A dissociation constant of 0.98 nM
was determined. Then the competition of unlabeled drug candidates with the
GEM-gp120 binding was examined. The electropherograms utilizing the
phosphorothioate oligodeoxynucleotide Sd (T2G4T2) are shown in Figure
2E–K. The increasing amount of Sd displaces the GEM from gp120. There-
fore the peak representing the unbound GEM increases and the GEM-gp120
complex peak decreases. The simultaneously built Sd-gp120 complex is not
labeled and hence is not detected in ACE-LIF.

An example using ACE-LIF for the trace analysis of a drug in biolog-
ical fluids was presented by the Karger group (33). The interaction of human
carbonic anhydrase II with the glaucoma drug dorzolamide was utilized. The
carbonic anhydrase was fluorescently labeled at its single cysteine residue
and the equilibrium-mixture mode was employed. However, the complex
could not be separated from the unbound protein. Therefore a known but
weak-binding ligand of carbonic anhydrase, para-carboxybenzenesulfon-
amide, was added to the background buffer. The labeled protein was pre-
equilibrated with the tight-binding drug dorzolamide and subjected to ACE-
LIF. Aside from the peak for the drug–protein complex, a peak for the
excess protein emerges that is shifted because of the interaction with the
weak-binding ligand in the background buffer. Using this approach, detec-
tion limits for dorzolamide of 16.5 pM in aqueous solution and of 62.5 pM
in both urine and plasma were achieved.

Affinity capillary electrophoresis is, as already mentioned, also suitable
for screening procedures. The aim in this case is not to gain a binding
constant for a special protein–ligand interaction but to identify potential
binding partners throughout a pool or even a combinatorial library of drugs
or other ligands, such as peptides and oligonucleotides (34–36). The hy-
phenation to mass spectrometry seems an especially promising approach;
this is discussed in more detail in Chapter 13.

B. Binding to Plasma Proteins

It is well known that a lot of drugs more or less show affinity to plasma
proteins, especially albumins, AGP, and lipoproteins. This binding is some-
what conflicting. Actually, the affinity is unintentional, because the plasma
proteins are in general not the targets where drugs should exhibit their phar-
macological effect. However, it is now accepted that the binding acts as
transport mechanism and has the advantage of preventing the drugs from
metabolizing, which could prolong drug efficacy. On the other hand, the
binding impedes drug activity, because only the unbound drug fraction can
diffuse from blood to the extravascular action site. The situation is further
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complicated by a few other problems. Some drugs are administered in doses
at or above plasma protein binding capacity. In this case the dose-response
curve is nonlinear. The binding capacity may be reached even earlier in
cases where several drugs are administered simultaneously. Because plasma
proteins possess more than one binding site, drug–drug displacement is
likely to occur but is hard to predict and may result in side effects. Fur-
thermore, the plasma protein content and ratio vary in individuals, depend-
ing, for example, on age, gender, and diseases. Finally, most drugs are chiral
compounds, and the enantiomers may exhibit a different activity. However,
some of these drugs are administered as racemic mixtures, and the binding
to the plasma proteins may also be enantioselective, thereby changing the
original enantiomeric ratio. The careful investigation of the interaction of
drugs with plasma proteins is therefore imperative to gain straight infor-
mation about the pharmacokinetics and pharmacodynamics of a drug. Affin-
ity capillary electrophoresis is increasingly recognized as a useful method
for delivering data of interest. It is especially attractive because of the op-
portunity to get information about enantioselective properties without the
need to have the purified enantiomers.

Serum albumin has two primary hydrophobic binding sites, known as
site I and site II, which are located in domains IIA and IIIA, respectively.
Bulky heterocyclic anions with a centered charge are characteristic site I
ligands, whereas site II ligands are in general aromatic compounds with a
peripherally located charge if any (37).

Kraak et al. (38) reported the first ACE application to study drug bind-
ing to a plasma protein. They used the model system warfarin–human serum
albumin (HSA) to compare the suitability of the Hummel–Dreyer, frontal
analysis, and vacancy peak methods. A more methodologically intended pa-
per from Erim and Kraak (39) used VACE to study the displacement of
warfarin from bovine serum albumin (BSA) by furosemide and phenylbu-
tazone. They concluded that VACE is especially suited to examining com-
petitive properties of simultaneously administered compounds toward a
given protein–drug system.

Shibukawa et al. (40) discussed the frontal analysis method, also called
high-performance frontal analysis (HPFA) or high-performance capillary
electrophoresis/frontal analysis (HPCE/FA), compared it to conventional
methods, and focused on the application to stereoselective protein binding.
The affinity of the drugs warfarin, verapamil, and carbamazepine and the
drug candidate BOF-4272 to HSA was investigated.

Ding et al. (41) determined the binding constants and the number of
binding sites on one protein molecule of propranolol and verapamil to HSA
using frontal analysis. The obtained binding constant was in good agreement
with reported results using equilibrium dialysis. In a subsequent paper (42),

© 2003 by Marcel Dekker, Inc.



the study was extended to examine the binding of verapamil and propranolol
enantiomers to HSA by frontal analysis. It was found that R-verapamil has
a 1.7 times higher affinity to HSA than the S-enantiomer, whereas no ste-
reoselectivity for propranolol was observed. Furthermore, the verapamil-
HSA binding system was subjected to displacement interactions by ibupro-
fen, bupivacaine, and warfarin to gain information about the occupied
binding sites of the verapamil enantiomers on HSA based on the knowledge
that warfarin binds to site I and ibuprofen binds to site II of HSA. Moreover
(43), HSA and BSA were used as chiral selectors to separate ofloxazin,
propranolol, and verapamil enantiomers. With ketoprofen and warfarin as
displacers, preferred binding sites at both proteins were discussed.

Fung et al. (44) studied the interaction of bilirubin, a product of heme
degradation, with HSA by frontal analysis. They examined especially the
displacement of bilirubin by aspirin. It was found that the free-bilirubin
concentration increased to a clinically significant level when increasing
amounts of aspirin were added.

The interaction of the herbicides atrazine and 2,4-D with HSA was
investigated by Purcell et al. (45) using the equilibrium-mixture mode. The
study was based on the suggestion that HSA serves as carrier protein to
transport the herbicides to target organs to exhibit toxicological effects in
vivo. The results were combined with data gained from spectroscopic
methods.

Moody et al. (46) investigated the interaction of indocyanine green, a
tricarbocyanine dye used for medical imaging, with HSA. The dye is only
weakly fluorescent in the near-infrared region; but when it binds noncova-
lently to the protein, its fluorescence is greatly enhanced. The separation of
the free and complexed dye is described, and the advantages of noncovalent
labeling and diode-LIF are discussed. The same approach was used by Sow-
ell et al. (47) to develop a competitive assay for the determination of binding
constants of drugs to HSA by a dye-displacement technique. A heptamethine
cyanine dye was employed as noncovalent label for serum albumin, and the
displacement of the dye by drugs known to bind to site II of serum albumins
(ketoprofen, ibuprofen, quinidine, naproxen, imipramine, clofibrate) was in-
vestigated. Figure 3 illustrates the separation of the dye and the dye–HSA
complex (Fig. 3A) as well as the competitive binding of quinidine (Fig. 3B)
and ketoprofen (Fig. 3C). The applicability of the approach to enantioselec-
tive binding is also demonstrated.

In one of the earlier papers, Sun et al. (48) estimated the binding
constants of ibuprofen, flurbiprofen, and ketoprofen to HSA and BSA using
the mobility-shift mode of ACE. In this case the drugs were actually used
as additives to the background buffer to improve the separation of albumin
proteins. This is the opposite approach to what is presented in the next
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Fig. 3 Electropherograms illustrating the competitive binding of ketoprofen and
quinidine to noncovalently dye-labeled human serum albumin. 100 nM heptamethine
cyanine dye and (A) 50 nM human serum albumin, (B) 50 nM human serum al-
bumin, 50 nM quinidine, (C) 50 nM human serum albumin, 50 nM ketoprofen.
(Reprinted with permission from Ref. 47. Copyright 2001 Wiley-VCH.)
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section of this chapter, where the proteins are utilized as buffer additives to
reach the separation of drug enantiomers.

Another plasma protein that is especially known to bind basic drugs
is AGP. It consists of a single polypeptide chain containing 181 amino acids.
The five-carbohydrate chains, which are attached to asparagine residues,
make it highly glycosylated up to about 45% of its molecular weight. AGP
is negatively charged mainly because of the endterminal sialyl residues.
Reasons for the observed microheterogeneity of AGP (49) include different
branching types of glycans, the distribution on the five glycosilation sites,
the possible extension of branches by a lactosamine, and linkages between
sialyl and galactose residues. In one of the earlier papers, Shibukawa et al.
(50) investigated the binding of verapamil to HSA and AGP using frontal
analysis. They compared the estimated binding parameters to those derived
from conventional methods and discussed the methodological differences
applying the frontal analysis mode in HPLC and HPCE.

Oravcova et al. (51) compared the Hummel–Dreyer approach in HPLC
and HPCE using the interaction of racemic carvedilol and its individual
enantiomers with HSA and AGP. They found only a nonspecific binding of
the drug to HSA, with no stereoselectivity. For the binding to AGP, a high-
affinity (lower micromolar range) and nonspecific component was identified.
Furthermore, the data suggested that the S-enantiomer of carvedilol binds
more strongly to the high-affinity binding site of AGP than the R-enantiomer.

In a similar study, the Hummel–Dreyer method was used for the in-
vestigation of the affinity of frusemide, ceftriaxone, and ICI 118551 to HSA
and AGP, and a focus was also set on a comparison with HPLC results (52).

Amini and Westerlund (53) evaluated the association constants be-
tween the drug enantiomers of disopyramide and remoxipride to AGP by
applying a partial-filling technique, which is discussed in the following sec-
tion. An interesting finding was the strong temperature dependence of the
affinity. The association between the enantiomers and AGP reached a max-
imum at 25�C and decreased at both lower and higher temperatures. It was
argued that the effect was due to conformational changes of AGP with vary-
ing temperature.

In a couple of subsequent papers, the Shibukawa group investigated
how far the carbohydrate chains of AGP are involved in the enantioselective
binding of drugs, using frontal analysis (54–56). One paper dealt with the
function of the end-terminal sialic acid groups (54) and employed verapamil
and propranolol as model drugs and AGP and desialylated AGP as interact-
ing proteins. Representative frontal analysis electropherograms of verapamil
are shown in Figure 4. The binding of AGP (Fig. 4B) and asialo AGP (Fig.
4C) to the verapamil enantiomers is visualized by the decrease of the peaks
representing the unbound drug concentration, compared to the electrophe-
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Fig. 4 Stereoselective binding study of verapamil to AGP and desialylated AGP
using frontal analysis. Electropherograms of 50 �M racemic verapamil solution (A),
50 �M verapamil solution in 50 �M human �1-acidic glycoprotein solution (B),
and 50 �M verapamil solution in 50 �M asiaolo �1-acidic glycoprotein solution
(C). (Reprinted with permission from Ref. 54. Copyright 2001 Elsevier Science.)

rogram without AGP (Fig. 4A). Both proteins exhibit a higher affinity for
the R-enantiomer, but the affinity is not affected by the desialylation. A �-
cyclodextrin derivative served as chiral selector in these experiments. It was
found, however, that the sialic acid groups are involved in the enantioselec-
tivity toward the propranolol isomers. Another study employed the same
drugs and investigated the role of branching glycan of AGP in the enantio-
selective binding (55). AGP was separated by lectin affinity chromatography
in two subfractions, one containing AGP with biantennary oligosaccharide
chains and the other containing AGP void of glycan chains. The results
suggested that the branching type of glycan chains does not play a significant
role in the chiral recognition of verapamil and propranolol. AGP consists of
different isoenzymes coded by different genes and also varying in amino
acids near the drug binding site. Two of these genetic variants were inves-
tigated regarding their enantioselective binding of disopyramide and ve-
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rapamil (56). It was found that the isoenzymes differ significantly in their
affinity to the disopyramide enantiomers but not to the verapamil isomers.

Furthermore, lipoproteins are plasma proteins known to bind drugs.
Lipoproteins consist of a lipophilic core surrounded by a surface layer com-
prising polar lipids and apolipoproteins. Plasma lipoproteins bind mainly
lipophilic neutral drugs and basic drugs. Among the several subclasses, the
most important are high-density lipoprotein (HDL) and low-density lipopro-
tein (LDL) because of their high plasma concentration. Furthermore, LDL
is known to suffer from in vivo oxidation, and oxidized LDL has been
reported to play an important role in atherogenesis. Binding studies of drugs
to lipoproteins are of special interest because of the known significant in-
dividual and disease-related differences in plasma lipoprotein concentration.

Mohamed et al. investigated the binding of nilvadipine (57) and ve-
rapamil (58) to plasma lipoproteins by frontal analysis. It was found that the
total binding affinity of both drugs to LDL was about seven times stronger
than to HDL. The oxidation of LDL further enhanced the binding affinity
by about an order of magnitude. No stereoselectivity of the binding was
observed. The study was then extended to different states of oxidation (59).
The binding affinity of both drugs increased with increasing oxidation levels
of LDL, but the extent was significantly higher for verapamil.

McDonnell et al. (60) focused on the fact that the unbound drug con-
centration depends on the sum of binding to all involved plasma proteins.
Therefore they determined the binding capacity of a series of beta-adreno-
ceptor blocking drugs to individual plasma proteins HSA and AGP, to a
mixture of HSA, AGP, HDL, and LDL, as well as to whole serum, by frontal
analysis. The approach allowed them to subdivide the drugs into high and
low binding categories.

C. Proteins as Chiral Selectors

Enantiomers are stereoisomers that do not differ in chemical properties. A
separation is therefore possible only by using the interaction with another
chiral reagent. The diastereomeric complexes built thereby can possess dif-
ferent chemical properties. In HPLC, the part of the chiral reagent is played
most often by a chiral stationary phase. In HPCE, the chiral reagent is usu-
ally not immobilized, but mixed to the background buffer and therefore
considered a pseudostationary phase. The use of proteins as chiral selectors
to separate drug enantiomers in capillary electrophoresis is not an ACE ex-
periment with the aim of gaining binding information, but it takes advantage
of the affinity of proteins to drugs and is discussed shortly here. Chiral
separations by capillary electrophoretic methods compete in general with
well-established HPLC procedures. HPCE is advantageous with respect to
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Fig. 5 Separation of (�)-epinastine by capillary electrophoresis using the partial-
separation-zone technique and bovine serum albumin as chiral selector. (Reprinted
with permission from Ref. 62. Copyright 1995 Elsevier Science.)

cost efficiency and environmental aspects. It is less expensive, because there
are no chiral columns necessary and it uses very small volumes of buffer
solutions instead of considerable amounts of organic solvents. A disadvan-
tage, compared to HPLC, is the higher concentration detection limit, which
is, however, redeemed in part by the opportunity to detect at lower wave-
length, where the absorption of drugs is usually higher. Using HPCE for
chiral separations, proteins compete with other chiral selectors, especially
cyclodextrins, but also carbohydrates, peptides, or amino acids. Here, pro-
teins may not be the first choice, because of the known disadvantages arising
from adsorption on the inner capillary wall and inherent high UV absor-
bance, which further increases the detection limit. Most researchers try to
overcome the adsorption difficulties by utilizing coated capillaries. To solve
the problem of high background absorbance, the partial-filling (partial-sep-
aration-zone) technique was developed (61,62). As the name suggests, the
capillary is not completely filled with the buffer solution containing the
protein. Hence the detection window is not blocked by a high-absorbance
protein solution. An advantage of proteins as chiral selectors might be the
broader application range, because of the more and different binding op-
portunities. Among proteins, the one known to interact with different drugs,
such as plasma proteins, are preferable. Separations of drug enantiomers
using proteins as chiral selectors are visualized in Figures 5 and 6. Figure
5 illustrates the separation of epinastine using BSA as chiral selector and
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Fig. 6 Effect of slight pH changes on the separation of (�)-pantoprazole. A phosphate buffer (10
mM) containing 55 �M bovine serum albumin and 5% 1-propanol was used. The buffer was
adjusted to (a) pH 7.3, (b) pH 7.4, (c) pH 7.6, (d) pH 7.9. (Reprinted with permission from Ref.
63. Copyright 1997 Elsevier Science.)
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employing the partial-separation-zone technique (62). The separation of pan-
toprazole enantiomers is shown in Figure 6 (63). It is noteworthy here that
even quite small deviations of background buffer pH can lead to consider-
able changes in separation efficiency. Table 1 summarizes the application of
proteins as chiral selectors for the separation of drug enantiomers. Readers
more interested in this field are referred to recent reviews by Tanaka and
Terabe (64) and Haginaka (65). A further review by De Lorenzi and Mas-
solini (66) deals only with riboflavin-binding proteins but contains an illus-
trative comparison to HPLC results.

IV. PROTEIN–PROTEIN INTERACTIONS

Protein–protein interactions are key processes in signaling pathways and
therefore are a preferred subject of biochemical research. Examples for tight-
binding interactions are those of protein antigens to the corresponding an-
tibodies. Other interactions are, however, frequently rather weak to moder-
ate, leading to slight conformational changes or introducing or cleaving
small functional groups, which is nevertheless enough to activate or inhibit
the target protein. Such interactions are much harder to catch by an analytical
method, because they are more likely to be disturbed or aborted by the
examining method itself. In that respect, ACE offers the advantage of main-
taining nearly native conditions. But the analysis of protein–protein inter-
actions by ACE is hampered mainly by the difficulties arising from high
protein content in the running buffer, as discussed earlier. Several examples
of antigen–antibody interactions using ACE were reported. These investi-
gations focus more on the measurement of analyte concentrations than on
the estimation of binding constants. HSA (96), BSA (97), GFP (98), human
growth hormone (99,100), and insulin (101) served as antigens. These ex-
aminations are discussed in more detail in Chapter 12, ‘‘Characterization of
Immunoreactions.’’

There are only a very few reports dealing with ACE investigations of
weak to moderate protein–protein interactions, which are interestingly re-
lated to HIV research. The ACE technique was used to detect interactions
of HIV proteins with possible target proteins of cells. Cellular proteins of T
cells were identified as being involved in the incorporation of HIV. The
proteins mediated the virus incorporation by binding viral proteins. In com-
bination with surface plasmon resonance ACE, equilibrium-mixture analysis
was able to detect the protein–protein interaction by changes in the mobility
(102,103). Subsequent studies revealed that some viral proteins share the
same binding motif with interferon type I, which was used to explain the
regulatory effect on the proliferation of lymphocytes. And ACE was em-
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Table 1 Separation of Drug Enantiomers by CE Using Proteins as
Chiral Selectors

Chiral selector
protein Drugs investigated Refs.

Bovine serum
albumin

Epinastine, homochlorcyclizine, oxyphencyclimine,
propranolol, trimebutine

62

Promethazine 67
DR-3862, ofloxazin, warfarin 68
Warfarin 69
Lamsoprazole, omeprazole, pantoprazole 63
Ibuprofen, leucovorine 70
Leucovorine 71

Human serum
albumin

Kynurenine 72

Promethazine, propranolol, propiomazine, thio-
ridazine, verapamil

43, 67,
73–78

Other serum
albumins

Ofloxazin 79

�1-Acid gly- Promethazine 69
coprotein Disopyramide 80

Disopyramide, remoxipride 53
Clorprenaline 62
Acebutorol, arotinolol, atropine, bupivacaine, clor-

prenaline, denopamine, eperisone, epinastine,
etirefline, fenoterol, homatropine, ketamine,
metanephrine, metoprolol, mexiletine, nicardi-
pine, oxyphencyclimine, phenylephrine, pin-
dolol, primaquine, promethazine, sulpiride, ter-
butaline, tolperizone, trihexyphenidyl,
trimebutine, trimetoquinol, trimipramine,
verapamil

81

Avidin Flurbiprofen, ibuprofen, ketoprofen, warfarin 82–84

Succinyl
avidin

Bupivacaine, primaquine, trimipramine 83

Streptavidin Chlorpheniramine, flurbiprofen, ibuprofen, prima-
quine, trimipramine, warfarin

83
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Table 1 Continued

Chiral selector
protein Drugs investigated Refs.

Ovomucoid Chlorpheniramine, eperisone, tolperisone 85
Arotinolol, bunitrolol, chlorpheniramine, oxyphen-

cyclimine, pindolol, primaquine, tolperisone, tri-
mebutine, verapamil

62, 86

Ovoglyco-
protein

Chlorpheniramine, eperisone, primaquine, tolperi-
sone, verapamil

87

Alimemazine, chlorpheniramine, eperisone, pin-
dolol, prenylamine, promethazine, thioridazine,
tolperisone, trimipramine

88

Conalbumin Trimetoquinol 62

Cellobiohy-
drolase I

Alprenolol, labetolol, metoprolol, oxprenolol, pin-
dolol, propranolol, warfarin

61, 89

Fungal
cellulase

Pindolol 69

Human serum
transferrin

Acebutorol, bupivacaine, labetolol, promethazine,
propranolol

90

Buphenine, clofedanol, chlorpheniramine 91

Pepsin Cloperastine, oxprenolol, promethazine, proprano-
lol, trimipramine, verapamil

92

Riboflavin-
binding
protein

Amlodipine, bepridil, lorazepam, nicardipine, ni-
modipine, oxazepam, practolol, verapamil

93

Aminogluthethimide, fenoprofen, flurbiprofen, ibu-
profen, ketoprofen, oxprenolol, pranoprofen,
proglumide

94

Amlodipine, bepridil, bupivacaine, oxprenolol,
prilocaine

95
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Fig. 7 Monitoring the protein–protein interaction of p24 (1) and rDmCyp20-GFP
(2) using ACE. Samples of rDmCyp20-GFP (6 �M) were incubated with increasing
concentrations of p24: 0 �M p24 (A), 6 �M p24 (B), 12.5 �M p24 (C), 22 �M
p24 (D). EOF indicates the position of the electroosmotic flow marker DMSO. The
position of the internal standard Ac-Ala-Ala is marked IS. (Reprinted with permis-
sion from Ref. 105. Copyright 2001 Wiley-VCH.)

ployed to demonstrate the binding of interferon type I to the cellular receptor
protein of the viral protein (104).

The HIV capsid protein p24 plays an important role in virus infectivity.
Its interaction with cyclophilins from host cells is a crucial event in viral
replication. For the determination of binding data of p24 to cyclophilins,
several methods, such as enzymatic assays, surface plasmon resonance, and
isothermal titration calorimetry, were used. Furthermore, Kiessig et al. (105)
used ACE to explore this protein–protein interaction. It is noteworthy that
in this case the equilibrium-mixture approach was successfully applied to
determine binding data on the interaction of p24 with a cyclophilin fusion
protein, although the dissociation constant was in the range of 10�5 M.
Representative electropherograms are illustrated in Figure 7. They clearly
show a shift of the peak of the fusion protein with increasing amounts of
p24 in the pre-equilibrated sample. This shift was used to determine a dis-
sociation constant of (20 � 1.5) � 10�6 M. The fluorescent properties of
the fusion partner GFP were utilized to screen for putative cyclophilin in-
teraction partners in crude cellular extracts using ACE-LIF.
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V. CONCLUSIONS

It is not hard to predict that with the output of genomics and proteomics,
the number of proteins that can be related to specific diseases will increase
tremendously in the next few years. Therefore methods that are able to
screen combinatorial libraries in the search for interacting drugs are desper-
ately required. Furthermore, efforts to re-examine known drugs for potential
interactions with newly identified target proteins will increase, because it
lowers costs considerably if a drug that has already passed the regulatory
procedures can also be applied to cure a further disease.

The ACE technique has been established as a valuable tool for inves-
tigating drug–protein interactions. In comparison to traditional methods it
is advantageous with respect to the speed of analysis, the minimum volume
consumption, and the ability to separate drug enantiomers. And ACE may
therefore be the method of choice in cases where proteins are scarce and
difficult to obtain or the stereoselectivity of drug interactions is of special
interest. The feasibility of automation makes it additionally attractive for
screening procedures. However, up to now the lack of parallel operation in
commercial instruments has hampered the opportunity of high-throughput
analysis.

ABBREVIATIONS

ACE affinity capillary electrophoresis
AGP �1-acid glycoprotein
BSA bovine serum albumin
CEC capillary electrochromatography
CGE capillary gel electrophoresis
CZE capillary zone electrophoresis
FDA Food and Drug Administration
FITC fluorescein isothiocyanate
GFP green fluorescent protein
HDL high-density lipoprotein
HIV human immunodeficiency virus
hGH human growth hormone
HPCE high-performance capillary electrophoresis
HPLC high-performance liquid chromatography
HSA human serum albumin
LDL low-density lipoprotein
LIF laser-induced fluorescence
MS mass spectrometry
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NMR nuclear magnetic resonance
UV ultraviolet
VACE vacancy affinity capillary electrophoresis
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Affinity Capillary Electrophoresis:
DNA Interactions with Peptides,
Proteins, and Modified DNA
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Humboldt-Universität zu Berlin, Berlin, Germany

I. INTRODUCTION

Electrophoresis has been used for a long time as one of the most important
separation principles in analytical biochemistry. In particular, it has been
applied to the separation of DNA and DNA components. Electrophoretical
techniques have predominated in this field for decades and will continue to
do so in the future. The advent of capillary electrophoresis (CE) has boosted
the development of electrophoretic techniques, because it opened access to
higher sensitivity, better resolution, and greater speed of separation (1–3).

In liquid chromatography, affinity purification protocols (4–8) have
been known for a long time. Naturally, electrophoresis can be used just as
well to observe molecular or noncovalent interactions of DNA oligomers,
provided the complex has distinct electrophoretic properties different from
those of the free molecules. Therefore, affinity capillary electrophoresis
(ACE) can be a powerful tool for studying DNA–drug or DNA–biopolymer
interactions. Several reviews discussing these aspects of ACE have been
published in recent years (9–19). The crucial aspects of DNA in this field
are covered comprehensively in a recent overview article (20).

The techniques called mobility shift or gel shift assay can be considered
a first step in this direction. These are widely used in molecular biology to
detect interactions between regulatory proteins for gene expression and spe-
cific sequences of polynucleotides (21–23).

Two general approaches are used in affinity CE of DNA complexes,
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depending on the stability of the complex under investigation. For a system
with slow complexation kinetics, such as most high-affinity systems, equi-
librium mixture analysis is preferable. In contrast, in the case of relatively
rapid on-and-off kinetics, which is a characteristic feature of low-affinity
complexes, mobility-change analysis should be applied.

II. PRINCIPLES: DETECTION OF COMPLEX FORMATION

The direct detection of a complex from an equilibrium mixture is certainly
the most obvious evidence of specific molecular interactions between com-
ponents. Electrophoresis of an equilibrium mixture is an easily performed
experiment, enabling the determination of complex formation parameters.
When the dissociation kinetics of the complex is slow, the complex gives
rise to a new peak in the electropherogram, in addition to the peaks of the
free component molecules. Since the separation of the free components pre-
vents the reformation of the complex inside the capillary, the complex peak
should decrease in size during electrophoresis. The extent of this decrease
depends on dissociation kinetics and separation time. In view of that fact,
short analysis times, as obtained in CE, are required to detect less stable
complexes, which would hardly be detected using previous formats of elec-
trophoresis with longer separation times.

If the interacting molecules show large differences in their mobility, it
may be difficult to detect all free and complexed species in the same elec-
trophoretic run. This can be the case when the interacting molecules have
opposite charges, a situation not uncommon for proteins and oligonucleo-
tides. On the other hand, in some cases the change of mobilty due to com-
plex formation may be not be sufficient to allow the separation of the com-
plex from one of the interacting components. However, even in such cases,
complex formation can be detected using a phenomenon of high-affinity
systems. The peak of one of the free components disappears when it is mixed
with the other, and it rises again when the binding site of the other is
saturated.

III. DETERMINATION OF EQUILIBRIUM CONSTANTS

The ongoing dissociation of the complex during migration typically results
in peak deformation of both complex and free species. Although the peaks
are well separated, they may be connected by some sort of pedestal. The
peak size of the complex diminishes during the analysis, whereas the peak
representing the free species remains stable and corresponds to the original
sample mixture under equilibrium. Since the peak areas are proportional to
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concentration, peak integration enables quantitative determinations of each
free species in the mixture, which is the basis for the calculation of equilib-
rium constants. Complexes with relatively slow off-rate constants are usually
characterized by small dissociation constants, so one must analyze the equi-
librium at a rather low concentration range, corresponding to the dissociation
constants. This implies the need for high sensitivity detection, which can be
achieved using fluorescence labeling, laser-induced fluorescence (LIF), or
ACE coupled with mass spectrometry (MS), even though this last is still not
as common as for simple capillary zone electrophoresis.

In the following, some examples will be discussed to highlight the
scope and the limitations of ACE for the detection of complex formation
between DNA samples and interaction partners such as proteins, peptides,
DNA or analogs, and smaller molecules.

IV. PURIFICATION OF TRANSCRIPTION FACTORS

In all living cells the affinity binding of DNA to proteins controls key pro-
cesses such as DNA replication, DNA repair, and recombination, which
eventually allow and regulate the development of any organism. Transcrip-
tion factors control gene expression by binding to specific DNA elements
in the promoter region. It has been found that improper function of such
transcription factors in humans contributes to diseases such as cancer and
immunodeficiencies. Therefore purification of transcription factors from tis-
sue extracts is essential to understand the processes involved. This task is
challenging, because they are normally present at very low concentrations.
This problem is further complicated by the fact that several purification steps
are needed for the complete purification of a particular transcription factor.
Sequence-specific DNA affinity chromatography can be used as a means for
classification, assay, and purification of transcription factors. For a recent
review see Gadgil et al. (19).

One of the most impressive examples for the detection of a transcrip-
tion factor was published in 1996, when a mobility-shift assay in a linear-
polyacrylamide-filled capillary using fluorescein-labeled DNA showed 100
times higher sensitivity than the conventional slab-gel technique with 32P.
Furthermore, the detection of a transcription factor in a single sea urchin
egg was demonstrated (24).

V. SYNTHETIC LABELING WITH FLUOROPHORIC GROUPS

Labeling of a component with a fluorophore enables selective detection of
the complex even when the separation of the complex from other nonlabeled
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Fig. 1 (a) Structure of the fluorescein–ethylene glycol linker to label the aptamer.
(b) Structure of the aptamer without fluorescence label attached. (From Ref. 26.)

components is incomplete. The feasibility of prehybridization of a fluores-
cence-labeled polynucleotide sample and subsequent analysis using CE with
LIF detection to identify a specific DNA fragment in a sample was inves-
tigated (25,26) (Fig. 1). Here, German et al. used DNA aptamers labeled
with a fluoresceine tag to study the DNA–IgE complex.

The complex was determined using carboxyfluorescein as internal stan-
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dard (see Fig. 2). It is evident from the three traces that the complex can
easily be separated from the monomers and quantitative determination is
achieved. To demonstrate that the signal observed results only from the
complex, a competition experiment with unlabeled aptamer, as shown in
Fig. 3, was performed. The increase in unbound A* shows clearly that both
A and A* bind to the same site of IgE.

VI. CHEMICAL MODIFICATION OF DNA:
AFFINITY PRECONCENTRATION

An experiment including several different steps was devised by Watson et
al. to determine modifications in DNA (8). 1,N6-Etheno-2�-deoxyadenosine
and 3,N4-etheno-2�-deoxycytidine are formed exogenously by a number of
genotoxic chemicals as well as endogenously. In addition to an HPLC
method, an immunochemical procedure combined with CE was developed.
A monoclonal antibody raised to protein conjugates of epsilon dC showed
high selectivity in recognition of this DNA adduct. The antibody was im-
mobilized on a solid support and was used in the immunoaffinity enrichment
procedure to purify epsilon dC from a large excess of normal nucleotides.
The result was that one single epsilon dC adduct could be resolved from
about 108 normal nucleotides. The coupling of the immunoaffinity enrich-
ment procedure with capillary zone electrophoresis permitted the detection
of approximately one epsilon dC adduct in 3 � 106 nucleotides. Similar
experiments have been carried out with benzo[a]pyrene metabolite adducts
and in conjuction with CE techniques (20,25,27). Carnelley et al. used a
fluorescent 90mer oligonucleotide sample labeled with benzo[a]pyrene-7,8-
diol 9,10-epoxide (BPDE) in a competitive experiment to detect DNA dam-
age in human lung carcinoma cells. In Fig. 4 the design of the probe is
shown, using tetramethylrhodamine as the fluorophore. Figure 5 illustrates
the competitive capillary electrophoresis experiment.

VII. USE OF PEPTIDE NUCLEIC ACIDS

The synthesis of DNA analogues with a backbone of poly(N-(2-amino-
ethyl)glycine) (peptide nucleic acids = PNA) instead of phosphate-ribose,
which were introduced into affinity labeling by Egholm et al. (28), opened
up several new applications for affinity separations (23,28–42). Since this
backbone is by far less polar, the behavior of the monomer as well as that
of DNA/PNA hybrids is largely different, allowing the complete separation
of affinity complexes. In addition, it seems that the stability of duplexes is
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Fig. 2 Determination of IgE using aptamer-based APCE. (A) Electropherograms
obtained for 500 nM of A* with 0 (left) and 500 nM (right) IgE. Migration buffer
was 10 mM phosphate at pH 7.4, and 10 nM fluorescein was used as internal
standard (IS). Injector-to-detector length was 20 cm. (B) Separation of same solu-
tions in 10 mM phosphate at pH 8.2 and gravity-induced flow of 0.02 cm/s. (C)
Solutions of 300 nM of A* with no IgE (left), 300 nM IgE (middle), and 1 nM IgE
(right) were separated with injector-to-detector length of 7 cm. After 48 s of sepa-
ration, a vacuum was applied to the outlet to rapidly pull the complex to the detector.
4(5)-Carboxyfluorescein (5 nM) was used as internal standard. Fluorescent signal
scale for the 1 nM IgE sample is expanded by 10-fold relative to the other electro-
pherograms. (From Ref. 26.)

© 2003 by Marcel Dekker, Inc.



Fig. 3 Competition experiment. All samples contained 200 nM A*, and 5 nM 4(5)-
carboxyfluorescein was used as internal standard (IS). Samples A–C contained 200
nM IgE and 0, 200, and 400 nM, respectively, unlabeled aptamer. Sample D is a
blank containing just 200 nM A* shown for comparison. Increase of the A* peak
with the increase in the concentration of A demonstrates that both A and A* are
binding to the same site on the IgE. (From Ref. 26.)

superior to DNA/DNA hybrids, which enhances the possibilities in low-
ionic-strength solvents used for electrophoresis (37). Thus the use of such
hybrids to detect single base mutations is possible, as shown by several
researchers. Nielsen et al. modified a plasmid containing a 10mer PNA
flanked by restriction sites to show that only the correct complementary-
sequence PNA was able to block the restriction enzymes completely; one
mismatch was sufficient to reduce that effect, and two mismatches made the
inhibiting effect disappear (29). Perry-O’Keefe et al. (37) demonstrate quite
convincingly that certain labeled peptide nucleic acid (PNA)-oligomers as
probes in pregel hybridization experiments can work as an alternative to
Southern hybridization (Fig. 6). The authors of this study hybridized the
PNA probe to a denatured DNA sample at low ionic strength. Then the
mixture was loaded directly onto an electrophoresis system for separation.
The neutral backbone of PNA allows a hybridization at low ionic strength.
Another benefit of that technique can be seen in the low mobility of PNAs.
Therefore, the assay is not disturbed by signals of unbound PNA.
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Fig. 4 Schematic representation of the design of the DNA damage probe. A total
of six overlapping, complementary oligonucleotides of varying lengths were an-
nealed and ligated to form a 90-base-pair double-stranded DNA molecule. Oligo 1
was labeled at the 5�-end with the fluorescent dye tetramethylrhodamine (TMR).
Oligo 3 contained a damaged base, BPDE-N 2-deoxyguanosine, which was intro-
duced by reacting oligo 3 with (�)-anti-BPDE. The dye label and damaged base
were on the same strand, to allow for either single- or double-stranded experiments.
(From Ref. 25.)
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Fig. 5 Representative electropherograms showing competitive assay for BPDE-
DNA adducts from human lung carcinoma cells. The cells were incubated with 0,
2.5, 5, and 10 �M BPDE for 2 h and DNA extracted for analysis. Mixtures con-
taining 80 �g/mL of the cellular DNA, 60 nM of the oligonucleotide probe, and 0.4
�g/mL of mouse monoclonal antibody 8E11 were incubated in 20 �L of Tris-glycine
buffer (25 mM Tris and 200 mM glycine, pH 8.3) at room temperature for 30 min.
A CE/LIF analysis of these mixtures were carried out using a fused-silica capillary
30 cm in length, with 20-�m i.d. and 150-�m o.d.) for separation. The separation
buffer contained 25 mM Tris and 200 mM glycine (pH 8.5). The running voltage
was 30 kV, and electrokinetic injection was carried out at 10 kV for 10 s. Peaks 1
and 2 correspond to the binary (1:1) and tertiary (1:2) complexes between antibody
and the sample. Peak 3 represents the unbound sample. (From Ref. 25.)

Detection of the bound PNA is possible via on-column fluorescence
detection. Efficient single base-pair discrimination was achieved routinely
using that technique, as shown in Fig. 7. The system was optimized to
observed a difference of 25�C between the perfect match and single-mis-
matched PNA probe. The assay should be applicable for clinical research
and diagnostics and may be automated as well.
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Fig. 6 Free-solution CE separation of PNA/DNA hybrid from excess PNA probe.
M13 mp18 ssDNA 4.2 � 10�8 M, and PNA probe 1.3 � 10�7 M. Detection: LIF
488/520 nm. Buffer: TBE, 7 M urea (pH 8.0). CE conditions: 50-mm-i.d. poly-
acrylamide-coated capillary (27 cm in length and 20 cm to detector), 10 s gravity
injection, separation voltage �10 kV. Laser-induced fluorescence detection with ex-
citation at 488 nm and emission at 520 nm. The buffer contained Triszborate (pH
8.0) with 7 M urea buffer. (From Ref. 37.)

VIII. DETECTION OF MUTATIONS

Another approach in the application of affinity protocols is the addition of
ethidium bromide to the size-separation medium for double-stranded DNA.
This improves the separation capacity of the method at a high field strength
to such an extent that even mutations can be detected (43). Theoretical plates
up to 107 have been obtained, which is vastly superior to what can be
achieved in general with DNA oligomers.

The opposite approach is to modify the stationary phase as a macro-
ligand; such a procedure was described by Baba et al. in 1992 (44). Poly(9-
vinyladenine) was synthesized and fixed inside the gel matrix. Base-specific
separation of oligodeoxynucleotides was achieved with high resolution and
high speed. It is no surprise that oligothymidylic acids were selectively sep-
arated from the mixture of oligothymidylic and oligodeoxyadenylic acids
with efficiencies as high as several 106 plates/m.

A similar experiment but with thymidine and adenine exchanging roles
was devised by Ozaki and co-workers to analyze mixtures of shorter oli-
gonucleotides with high resolution, supporting the notion that hydrogen
bonding can be considered the key factor for separation (45). The pivotal
role of Mg� ions supports that view. As an example, single mutants in poly-
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Fig. 7 Fluorescence intensity of the PNA/DNA hybrid vs. separation temperature.
Fluorescein-labeled PNA probes with complementary 3� sequence. Voltage: 20 kV.
Detection: LIF 488/520 nm. Buffer: 1� TBE/30% formamide (pH 8.3). The follow-
ing M13 probes were used: 5�-fluorescein-OO-TTT TCC CAG TCA CGA (perfect
match), 5�-fluorescein-OO-TTT TCC CAG GCA CGA (single mismatch), 5�-fluo-
rescein-OO-TTT TCA CAG GCA CGA (double mismatch). (From Ref. 37.)

adenylic acid (dA12) were detected when (dT)12 was immobilized at the cap-
illary wall. Thus the assay may be useful for the detection of gene mutations.

Monoclonal antibodies against specific DNA lesions have been devel-
oped for several applications (8,9,25,27,46,47), generally to detect chemical
modifications, as already discussed. A new technical development, address-
ing the issue of online monitoring of complex formation, was introduced by
Wan and Le (48). Due to the fact that fluorescence polarization is sensitive
to changes in rotational diffusion arising from molecular association or dis-
sociation, it is capable of providing information on the formation of affinity
complexes prior to or during CE separation. The technique was successfully
applied to the system ‘‘trypsin operator and trypsin repressor binding.’’ In
Figure 8, the experimental setup is shown; the result of a proof-of-concept
measurement is given in Figure 9. The binding curves obtained from the
correlation of electrophoretic mobility and fluorescence anisotropy are given
in Figure 10.
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Fig. 8 Schematic diagram showing capillary electrophoresis separation with laser-
induced fluorescence polarization detection. (From Ref. 48.)

Overall, the affinity complexes were readily distinguished from the
unbound molecules, although the relative increase in fluorescence polariza-
tion upon complex formation varied with the molecular size of the binding
pairs.

IX. SCREENING OF PEPTIDES

The screening for smaller peptides as published by Li and Martin in 1998
was based on ACE with online UV detection. The binding constants between
purified calf thymus DNA and a library of specifically designed tetrapeptides
were determined. This peptide library contained unnatural amino acids with
thiazole side chains (49). The ACE technique was utilized to separate un-
bound tetrapeptides from the DNA–peptide complex. The UV signal of the
peak representing unbound tetrapeptide decreased incrementally as a result
of increasing the concentration of DNA in the equilibrium mixture. The
intensity of the peak corresponding to the unbound tetrapeptide was obtained
directly from the electropherogram and could be used in the calculation of
the DNA–peptide binding constants. The binding constant for the tetrapep-
tides to calf thymus DNA was obtained from the negative slope of a Scat-
chard plot. A comparison of the binding constants for different peptides
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Fig. 9 Electropherograms showing 3 nM fluorescently labeled 11-mer in the ab-
sence (A) and in the presence (B) of 0.7 �M SSB protein in the running buffer. The
conditions used were as follows: separation capillary, 35 cm, 20-�m i.d.; running
buffer, 25 mM disodium tetraborate (pH 9.1); separation voltage, 25 kV; excitation
wavelength, 488 nm; emission wavelength, 515 nm; and temperature, 25 (1�C. Ap-
proximately 1 nL of sample solution was injected electrokinetically. The asterisk
indicates the migration time of the solvent, tEOF. The traces Iv and Ih, corresponding
to vertically and horizontally polarized fluorescence intensities, respectively, are
shown separated for clarity. (From Ref. 48.)
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Fig. 10 Binding curves obtained by measuring the electrophoretic mobility (●) and
fluorescence anisotropy (�) of F-11-mer at varying concentrations of SSB protein in
the running buffer. Conditions were the same as for Figure 9. (From Ref. 48.)

revealed that the tetrapeptides in the library have DNA-binding affinities
ranging from 102 to 106 M�1.

X. DNA–DNA INTERACTIONS

DNA mutations of certain genes are the origin of heritable diseases and
cancer. In order to discover and, hopefully, prevent these disorders, gene
mutation assays are of increasing importance in diagnostics and clinical as-
says. Capillary affinity gel electrophoresis was applied to separate oligo-
deoxynucleotide mixtures using sequence-specific and base-composition-
specific recognition. The affinity interaction is based on the formation of a
complex between the solved oligodeoxynucleotide sample and a DNA an-
alogue immobilized on the capillary gel. These complexes are named het-
eroduplexes. It has been shown that a selective separation of hexathymidiylic
acid from a mixture of four homopolymers and five heteropolymers of
hexadeoxynucleotides is possible (50). A combination of size- and sequence-
dependent oligonucleotide separation methods using capillary affinity gel
electrophoresis has been reviewed by Baba (14,51).

A different approach has been proposed by Muscate et al. (52), who
developed a two-step technique. In the first step, all nonspecific solutes are
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Fig. 11 Synthetic strategy for an affinity polymer. (From Ref. 52.)

removed from the sample. At low temperatures, oligonucleotides with com-
plementary sequences will bind best to the recognition sequence of the im-
mobilized recognition sequences. Then the bound oligomers can be released
by gradually increasing the temperature, until the specific release tempera-
ture for each nucleotide is reached. The synthetic strategy for the affinity
polymer is shown in Fig. 11. Figure 12 gives an instructive comparison for
the separation capabilities of conventional capillary gel eletrophoresis (CGE)
and affinity gel elctrophoresis (CAGE). This approach has been used by
Katayama et al. (53) to develop an ACE assay for gene mutation analysis
using an oligonucleotide polycrylamide conjugate as ligand. The Mg2� con-
centration was crucial for an efficient separation of oligomers of the same
length.

XI. DNA TRIPLE STRAND INTERACTIONS

The PyPuPu and PyPuPy intermolecular triple-stranded DNA (tsDNA) was
determined by capillary electrophoresis (CE) (54). The authors report the
determination of tsDNA formed by poly(dT20)(dT20) with poly(dA20)-
(dA20), and 16-bp dsDNA with 16-nt triplex formation oligonucleotide
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Fig. 12 Electropherograms showing the separation of dA15 from oligonucleotides
with 1, 2, or 3 mismatches, using conventional CGE (a) and the CAGE approach
(b, c). CAGE conditions: (a) 3% T of a dT15 affinity polymer, dissolved in 100 mM
TB; concentration of each oligonucleotide, 5 � 10�4 OD/�L; capillary, CElect N;
(b) coinjection of dA15 for 6 s at �6 kV and a mixture of d(TA6TA6T), d(A7TA6T),
and d(A7TA7) for 9 s at �8 kV; (c) coinjection of dT10, dT15, and dT20 for 4 s at
�2 kV and a mixture of d(TA6TA6T), d(A7TA6T), and d(A7TA7) for 9 s at �8 kV;
applied voltage, 5 kV; temperature program 6.5 min at 23�C, 6.5 min at 29�C, 50�C.
(From Ref. 52.)
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Fig. 13 Electropherograms of triplex-containing samples of dA20 with dT20 (a1–
a4) and DS-1 with TFO (b1–b4) at different column temperatures. Conditions: UV
detector at 254 nm, 1.0% HPMC sieving matrix, 0.253 TBM running buffer (pH
8.5), electrokinetic injection (10 kV, 5 s), 15-kV running voltage applied for a1 and
b1, 13-kV running voltage applied for a2 and b2, 11.5-kV running voltage applied
for b3, 10-kV running voltage applied for a3 and b4, and 9-kV running voltage
applied for a4. (From Ref. 54.)

(TFO) by capillary electrophoresis using a sieving matrix of 1.0% hydroxy-
propylmethylcellulose (HPMC) containing magnesium ions (2.5 mM). In the
presence of magnesium, the tsDNA can be determined by capillary electro-
phoresis with UV detection. The crucial parameters were investigated in
great detail. It was found that the triplex cannot be formed when the buffer
pH is lower than 4.0. Online detection, peak area quantification, and auto-
mated data analysis by capillary electrophoresis can provide direct analysis
of tsDNA.

A typical series of electropherograms is shown in Figure 13. In this
context it should be noted that triplex DNA/PNA structures were also found
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in a recent study by Nielsen and Egholm, which are the first reported for
PNAs (30). This indicates an important potential for future affinity CE
applications.

Recently, triplex formation was employed to purify plasmids (55).
Pharmaceutically applicable plasmid DNA is an important issue in

gene therapy. A method for affinity purification of plasmids by triple-helix
interaction is given as an example. This method is based on sequence-spe-
cific binding of an oligonucleotide, immobilized on a large-pore chromatog-
raphy support, to a target sequence on the plasmid. A 15-mer target sequence
was developed that binds strongly to the affinity support under mildly acidic
conditions. Plasmid DNA was purified from clarified Escherichia coli lysate
by incubation with the affinity beads at pH 5.0 and high NaCl concentration.
After extensive washing of the beads, purified plasmid DNA was eluted with
alkaline buffer. The purified plasmid showed no RNA or cell DNA contam-
ination in HPLC analysis, and total protein concentration was reduced con-
siderably. Due to its mechanical stability and porosity, this support can be
used in a continuous affinity purification process, which has a high potential
for scale-up.

DNA assays will certainly play an essential role in future medical
research, along with proteomics. This makes high-throughput screening
methods necessary. Parallel DNA separation chips coupled with high-sen-
sitivity detection such as LIF or mass spectrometry (56) should be able to
provide the required structural information in less time than with techniques
currently employed (12).

XII. SCREENING FOR PROTEINS TO DETECT
GENETIC DISORDERS

A. HIV Protein Detection

The detection of HIV-related proteins is one of the most challenging tasks.
This is especially true because AIDS should be diagnosed as early as pos-
sible to enable an early and effective therapy of this infection. Pavski and
Le (57) used the aptamer strategy to detect reverse transcriptase (RT) of the
type 1 human immunodeficiency virus (HIV-1). A direct and specific ACE
method was proposed using laser-induced fluorescence (ACE/LIF) as detec-
tion principle. Single-stranded DNA aptamers as probes fluorescently labeled
were synthesized. The resulting aptamer is specific for HIV-1 RT, and it
exhibited no cross-reactivity with RTs of the enhanced avian myeloblastosis
virus (AMV), the Moloney murine leukemia virus (MMLV), or denatured
HIV-1 RT. An affinity complex of RT 26-HIV-1 RT was stable, with cali-
bration curves linear up to 50 nM (6 �g/mL) HIV-1 RT concentration. Both
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signals, the free probe and the complex peak, were accessible for analytical
quantitation. To prevent unspecific binding, the authors proposed 100-fold
dilution of the raw sample.

The work of Zhou and coworkers (58) aimed at a different strategy
for the detection of the HIV virus. They studied the binding between HIV-
1 gp120 and a phosphorothionate oligodeoxynucleotide, which is considered
a potential anti-HIV drug based on antisense action. The detection was based
on laser-induced fluorescence detection (ACE-LIF). They used the advan-
tages discussed previously—very different electrophoretic mobilities and the
very strong binding between oligodeoxynucleotides and proteins—to obtain
sufficient separation and resolution of the signals. Laser-induced fluores-
cence allowed them to determine the ligands at the necessary low level of
concentration. In this study the dissociation constant (Kd) between HIV-1
gp120 and a 25-mer fluorescently tagged phosphorothioate oligodeoxynu-
cleotide (GEM, FITC-CTC TCG CAC CCA TCT CTC TCC TTC T) using
Scatchard analysis was reported. Since they determined the the values of
competition constants to the unlabeled oligonucleotide as well, these results
may prove useful for future drug design.

A different antisense oligonucleotide, a morpholino oligonucleotide an-
alogue, was used for the quantitative monitoring of cellular concentration of
complexes. This is difficult based on conventional methods such as radio-
labeling of the oligonucleotide and fluorescence confocal microscopy. The
authors of the study used capillary electrophoresis coupled with laser-in-
duced fluorescence detection (CE-LIF) (59). HeLa cells, which produce lu-
ciferase as the antisense oligomer enters the cell, were scrape-loaded with
varying concentrations of the morpholino antisense. Intracellular concentra-
tions of the antisense were found to be in the range of 6–29 nmol/g of total
cell protein. Thus for the first time a quantitative correlation between deliv-
ered antisense concentration in a cell extract and the subsequent antisense
up-regulation of gene expression has been shown.

XIII. OTHER ASPECTS

The detection of small molecules identified by DNA binding is based gen-
erally on the affinity purification and subsequent collection of fractions. The
identification can be performed by means of the usual techniques employed
for structure elucidation or quantitative determination of organic molecules
(20).

Endotoxins can be contaminants in many preparations of biopolymers,
such as in DNA preparations. They are a major problem in toxicology be-
cause they can cause a vehement, sometimes life-threatening response of the
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immunological system. Endotoxins are lipopolysaccharides (LPS) of the
outer membrane of gram-negative bacteria such as E. coli. The detection in
the underivatized state can be difficult due to the lack of optically active
moieties. An indirect UV detection method based on affinity interaction was
used to quantify the residual LPS content of a DNA preparation from E.
coli (60).

XIV. CONCLUSION

Affinity capillary electrophoresis can be considered a powerful tool for the
analysis of interactions between DNA, RNA, and synthetic analogues on the
one hand and proteins, peptides, and nucleic acid components on the other
hand. However, the technique seems not yet widely accepted. This is prob-
ably due to the rather high cost of the instrument—the high sensitivity
required can be achieved mostly only with laser fluorescence—and the tech-
nically demanding use of the setup. The examples discussed here clearly
demonstrate general advantages: speed, sensitivity, and the possibility of
quantifying the results. It can be expected that the technique will gain in
importance, since capillary electrophoresis instruments are readily available
with LIF detectors, and the development of microfluidic devices based on
chip technologies will have another impact in the coming years. In the fu-
ture, ACE will replace or accompany the classical separation principles, e.g.,
gel electrophoresis and HPLC, as well as the less sensitive NMR (61) or
the problematic radioactive labeling.
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I. INTRODUCTION

In recent years, much attention has been paid to the chemistry and biochem-
istry of carbohydrates due to their many functions both inside and outside
living cells. The glycosaminoglycans (GAGs) are related linear, polydis-
perse, microheterogeneous polyanionic polysaccharides. The most common
GAGs are heparin, heparan sulfate, hyaluronic acid, chondroitin sulfate, der-
matan sulfate, and keratan sulfate. The GAGs are generally believed to exert
their biological activities through the localization, stabilization, activation,
or inactivation of interacting proteins (1). These interactions play important
roles in the normal physiology of animals (2) and are also involved in certain
pathological processes (3). Heparin, the most studied GAG, is unique in its
intracellular location in mast cell and basophil granules. Exogenous heparin
is regularly used as an anticoagulant/antithrombotic agent to maintain blood
flow in the vasculature through the binding and activation of antithrombin
III (ATIII, a coagulation serine protease inhibitor, SERPIN) (1). Heparin has
been found to bind a wide range of proteins (1,4), and it regulates a number
of important biological activities. Heparan sulfate, structurally similar to
heparin, is localized on the external surface of cell membranes and in the
extracellular matrix and plays a major role in cell–cell and cell–protein
interaction (1). Heparan sulfate (not heparin) is also believed to be an en-
dogenous receptor for circulating growth factors and chemokines that reg-
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ulate cell growth and migration (1). Other GAGs also bind proteins, but the
interactions are generally less well studied than those of heparin and heparan
sulfate. In addition to GAGs there are a number of synthetic, semisynthetic,
and natural GAG analogues that are of medicinal interest (1). An under-
standing of how these GAGs and GAG analogues interact with proteins is
needed to develop either carbohydrate-based, peptide-based, or synthetic
therapeutics for the prevention and treatment of disease processes, including
control of coagulation (1) and the control of tumor cell replication, migra-
tion, invasion, and vascularization (2,3). In this chapter, the structures and
therapeutic potential of these important GAGs, GAG-binding proteins, and
the quantitative methods for characterization of polysaccharide–protein
binding interactions will be provided as a background. Recent advances in
the application of affinity capillary electrophoresis (ACE) to study these
specific interactions will be discussed.

II. DEFINITION OF OLIGOSACCHARIDES,
POLYSACCHARIDES, GLYCOSAMINOGLYCANS,
AND PROTEOGLYCANS

Carbohydrates are classified as monosaccharides, oligosaccharides, or poly-
saccharides based on their number of monomer units.

Glycosaminoglycans (GAGs) are a family of complex linear anionic
polysaccharides found in most animal tissues. The polysaccharides are char-
acterized by a repeating core disaccharide structure typically composed of
uronic acid and hexosamine residues. In GAGs, the amino group of the
hexosamine residue is either N-acetylated or N-sulfonated; the uronic acid
may be either D-glucuronic acid or L-iduronic acid. Moreover, the repeating
disaccharide units (i.e., uronic acid–hexosamine) are O-sulfonated to vary-
ing degrees at the 6- and/or 4-position of the various hexosamine residues
and at the 2-position of the uronic acid residues. Heparin, heparan sulfate,
hyaluronic acid, chondroitin sulfate, dermatan sulfate, and keratan sulfate
are the most common GAGs.

Proteoglycans (PGs) are a diverse group of proteins unified by their
possession of one or more covalently attached GAG chains. With the ex-
ception of hyaluronic acid, GAGs are biosynthesized as proteoglycans (1).
Some PGs, such as heparin, are biochemically processed into GAGs through
the action of proteinases and �-endoglucuronidases (1) (Fig. 1). Thus, both
PGs and GAGs are natural components of most animal tissues.
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Fig. 1 Structure of heparin proteoglycan. The heparin proteoglycan is released from mast cells on degranulation
as raw heparin formed through the action of �-endoglucuronidase and proteinase. (a) Raw heparin can be
separated (b) into peptidoglycan heparin and glycosaminoglycan (GAG) heparin. Pharmaceutical heparin is
prepared by bleaching raw heparin to remove peptide. (Adapted from Ref. 1.)
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III. IMPORTANT POLYSACCHARIDES

A. Heparin

Heparin is biosynthesized in mast cells as a PG with approximately 10 GAG
side chains (5). When mast cells degranulate, PG heparin is enzymatically
degraded to GAG heparin (Fig. 1). Exogenous heparin is used primarily as
an anticoagulant/antithrombotic agent. Heparin is produced from mast-cell-
rich tissues, such as lung and intestinal mucosa, in metric ton quantities
yearly for use as a pharmaceutical agent.

Heparin is a repeating linear copolymer of 1 → 4 linked uronic acid
and glucosamine residues (6). The uronic acid residue typically consists of
90% iduronic acid and 10% glucuronic acid. Iduronate is a more flexible
residue than glucuronate, promoting polysaccharide interaction with pro-
teins. Heparin has a high negative charge density, the result of sulfo and
carboxyl groups that are present in its structure. Indeed, the average disac-
charide in heparin contains 2.7 sulfo groups. Whereas the most common
structure in heparin is the disaccharide containing 3 sulfo groups (7) (Fig.
2), a number of structural variants exist, making it microheterogenous (8).
The 2-position of uronic acid residue frequently contains an O-sulfo group.
The 6-position of the glucosamine residue often contains an O-sulfo group
while the 3-position infrequently contains an O-sulfo group, and the amino
functionality at the 2-position of the glucosamine residue may contain an
N-sulfo group or N-acetyl group or be unsubstituted. The presence or ab-
sence of these functional groups, as well as the presence of two different
uronic acid residues (iduronate and glucuronate), define the sequence of the
GAG chain. The length of heparin GAG chains can also vary. Heparin is
polydisperse; the average chain in a commercial heparin has a molecular
weight of 13,000, with chains ranging in size from 5,000 to 40,000.

Because of its high content of sulfo groups and its sequence micro-
heterogeneity, heparin is able to bind a wide range of proteins and regulate
a number of important biological activities (1). These interactions are cur-
rently under intensive investigation, and they regulate heparin’s effect on
lipoprotein lipase, on smooth muscle proliferation, its inhibition of comple-
ment activation, anti-inflammatory activity, angiogenic and antiangiogenic
activities, anticancer activity, antiviral activity, and its potential use in treat-
ing Alzheimer’s disease (1).

As a result of heparin’s multiplicity of biological activities and its
importance as a major pharmaceutical, other polysaccharides and modified
polysaccharides have been examined as potential heparin analogues in drug
development (1). These heparin analogues include other GAGs, other non-
GAGs, sulfated polysaccharides from plant and animal origins such as lam-
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inarin and acharan sulfate, and synthetic analogues of heparin such as su-
ramin (Fig. 3).

B. Low-Molecular-Weight Heparins

Low-molecular-weight (LMW) heparins are generally prepared through the
controlled, partial, chemical or enzymatic depolymerization of commercial
GAG heparin (1). Therefore, they are primarily composed of the same small
number of major oligosaccharide sequences that make up standard com-
mercial heparins. The LMW heparins are polydisperse mixtures (average
molecular weight 4,000–8,000) that have proven to be effective antithrom-
botic agents (9) for use in a wide variety of disease states, ranging from
deep vein thrombosis (10) to nonhemorrhagic stroke (11). The LMW hep-
arins offer several advantages over the anticoagulant heparin (1). They are
as safe as heparin, resulting in somewhat less hemorrhagic complications,
and they have greater bioavailability and longer half-lives, resulting in better
dose control (11). These potential advantages have led to the development
of several commercial LMW heparin preparations.

C. Heparin Analogues

There are a number of structural analogues of heparin that have been and
are being evaluated as therapeutic agents (Table 1). These analogues include
polysaccharide natural products, chemically modified polysaccharides, and
synthetic molecules containing anionic groups, including N-sulfo groups, O-
sulfo groups, sulfonyl groups, carboxyl groups, and phosphoryl groups. As
with heparin, these analogues exert their activities by interacting with vari-
ous heparin-binding proteins.

IV. THERAPEUTIC POTENTIAL OF POLYSACCHARIDES

Heparin and heparin analogues are used primarily as anticoagulant and an-
tithrombotic agents to augment the activity of ATIII, resulting in the inac-
tivation of coagulation proteases and blood anticoagulation. Heparin and
LMW heparins are the most commonly used clinical anticoagulants. How-
ever, there are additional therapeutic areas that are under extensive investi-
gation (Table 2). Some of these are described next in detail.
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Fig. 2 Structures of the major and minor disaccharide sequences of heparin and heparan sulfate as well as
the major disaccharide units of chondroitin sulfate, dermatan sulfate, keratan sulfate, and hyaluronic acid,
where Ac is acetyl.
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Fig. 3 Structures of acharan sulfate, dextran sulfate, suramin, pentosan polysulfate,
and phosphomannopentaose sulfate (PI-88). Representative saccharide units com-
prising each of these polymers are shown, where n is the degree of polymerization.

A. Regulation of Enzymatic Processes

Since this is the major current application for heparin as an anticoagulant/
antithrombotic, it is not surprising that much of the research has targeted
this type of activity. The extensive evaluation of heparin analogues as an-
ticoagulant/antithrombotic agents has met with some success, including the
clinical introduction of LMW heparins and pentosan polysulfate (1,32,33).
Recently, heparin analogues have been evaluated as regulators of the com-
plement cascade and proteases, such as elastase, for the treatment of lung
disorders, such as hereditary angioedema (48) and asthma (49).

B. Anti-Infection

It is clear that pathogens use endogenous GAGs to localize on the surface
of cells and even to gain entrance into cells, resulting in infection (50). The
increasing number of reports of antibiotic-resistant microorganisms suggest
that new anti-infective mechanisms, such as ones disrupting cellular locali-
zation of pathogens, might be valuable. The dengue virus causing hemor-
rhagic fever in many tropical countries is an example of an infectious disease
for which there is no vaccine available and no known specific treatment. An
oversulfonated heparan sulfate was shown to be a receptor required for in-
fectivity by this virus (47). In addition, heparin and a heparin decasaccharide
(47) were demonstrated to inhibit virus infectivity through their blocking
effects at both virus attachment and penetration (51). Interestingly, a heparin
analogue, suramin, can also block such infection in vitro (47). Recently,
GAGs and their derivatives have been examined as potential inhibitors of
dengue virus envelope protein binding to its receptors (52). The molecular
size and level of sulfation of GAGs were reported to affect its inhibitory
activity.

C. Anticancer

Cancer is a complicated process consisting of well-coordinated multiple
steps. Randomized trials to study the effectiveness of LMW heparins as
compared with unfractionated heparin in treating venous thromboembolism
in cancer patients led to a surprising observation that treatment with heparin
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Table 1 Heparin Analogues

Analogue Structure Current applications Remarks Refs.

Heparan sulfate →4) glucuronic acid (1 → 4)
N-acetyl glucosamine
(1 → <1 sulfo group/
disaccharide

Component of antithrombotic
agents

High price and limited availability 6, 8

Chondroitin sulfate and
dermatan sulfates

→3) N-acetyl galactosamine
(1 → 4) glucuronic/id-
uronic acid (1→, with �1
sulfo group

Antithrombotic primarily through
interaction with heparin cofac-
tor II (HCII)

Binds annexin and other proteins
on persulfatation

1, 12–21

Hyaluronic acid →3) N-acetyl glucose amine
(1 → 4) glucuronic acid
(1→ unsulfated, high MW

Vitreous humor and synovial
fluid replacement

Binds link protein and CD44; on
persulfation, affords hyaluroni-
dase inhibitors

18–23

Keratan sulfate galactose and N-acetyl glu-
cosamine 6-O-sulfo groups

None known 24

Acharan sulfate →4) 2-sulfo iduronic acid
(1 → 4) N-acetyl glucos-
amine (1→

May serve as an antidesiccant,
metal chelator, anti-infective,
or locomotive (slime) agent in
snail

Inhibits heparin’s FGF-2 mito-
genic activity in vitro; N-sulfa-
tion affords unique structural
analogs of heparin

19, 21, 25, 26

Carrageenans �, �, and � sulfo ester of D-galactose
and 3,6-anhydro-D-galac-
tose units, linked �-1 → 3
and �-1 → 4 in the
polymer

Gelling and thickening agents,
pharmaceutical excipients for
controlled release

Under in vivo evaluation as in-
hibitors of tumor growth

27–29
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Dextran sulfate A chemically sulfated (1 →
4)-�-D-, (1 → 3)-�-D-
branched glucan polymer

Treatment of acute respiratory
distress syndrome (ARDS),
lipoprotein-releasing activity,
in biomaterials as nonthrom-
bogenic surfaces

Inhibitor of human immunodefi-
ciency virus (HIV) binding to
T-lymphocytes

1, 30–31

Pentosan polysulfate (1 → 4)-�-linked xylan oli-
gosaccharide that is
branched in the center
with a single �-(1 → 2)-4-
O-methyl-�-D-glucuronate
residue

Antithrombotic prophylactic in
Europe, for interstitial cystitis
in the United States

Animal models to treat osteoar-
thritis, preclinical studies as an-
ticancer agent, inhibits metasta-
sis and angiogenesis

1, 32–37

Phosphomannopentaose
sulfate (PI-88)

persulfated �-6-phospho
mannose (1 → 3) [�-man-
nose (1 → 3)]3 (1 → 6)-�-
mannose

Antiangiogenic activity as a
heparanase inhibitor, HCII-
mediated anticoagulant

Preclinical studies inhibitor of tu-
mor metastasis, tumor growth,
and angiogenesis

38, 39

Suramin polysulfonated naphthylurea Anthelmintic, antiprotozoal, anti-
neoplastic, and antiviral agent

Binds many proteins, i.e., cyto-
kines, epidermal growth factor,
and members of the FGF fam-
ily; inhibits dengue virus infec-
tivity of host cells; very long in
vivo half-life, exhibits a wide
range of toxic side effects

40–47
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Table 2 Potential Therapeutic Applications for Heparin and
Heparin Analogues

Application Status Ref.

Anticoagulant/antithrombotic Currently used 1
Antiatherosclerotics Clinical trials 58
Complement inhibitors Clinical trials 48
Anti-inflammatory Animal studies 49
Anticancer agents Animal studies 53
Antiangiogenic agents Animal studies 54
Antiviral agents Animal studies 47
Anti-Alzheimers agents Animal studies 59
Antiprion agents In vitro studies 60
Antiparasitic agents Animal studies 50
New biomaterials Currently used 61

may affect survival of patients with malignancy (53). The hypothesis that
heparins affect cancer progression is reported by many recent experimental
studies (54,55). Cancer patients who had been treated with LMW heparin
for their thrombosis had a slightly improved 3-month survival as compared
to cancer patients receiving unfractionated heparin. Heparin can potentially
exert its activity at various stages in cancer progression and malignancy-
related processes. It can affect cell proliferation, interfere with the adherence
of cancer cells to vascular endothelium, regulate the immune system, and
have both inhibitory and stimulatory effects on angiogenesis (54). There is
recent evidence showing that heparin treatment reduces tumor metastasis in
mice by inhibiting P-selectin-mediated interactions of platelets with carci-
noma cell-surface mucin ligands (56). Moreover, the extensive studies aimed
at understanding the role of endogeneous heparan sulfate in the regulation
of cellular growth has suggested the value of heparin analogues as a potential
new class of therapeutic agents. Such agents could be used in wound healing
and in promoting angiogenesis in the regeneration of vessels following
stroke (57).

The GAGs or their analogues may also be administered to: (1) activate
protein-based receptors (agonists); (2) inactivate protein-based receptors (an-
tagonists); (3) compete with endogenous GAGs; and (4) inhibit GAG-syn-
thesizing or -metabolizing enzymes. Thus, studies are ongoing to examine
the potential for GAG-binding proteins, peptides, peptidomimetics, and an-
alogues to prevent and treat a wide variety of disease processes.
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Table 3 Heparin-Binding Proteins

I. Enzymes
Lipolytic enzymes
Kinase
Phosphatases
Carbohydrate hydrolases, eliminases,

transferases
Proteases and esterases
Nucleases, polymerases, and

topoisomerases
Other enzymes, oxidases, synthetases,

dimutases
II. Enzyme inhibitors

Antithrombin III (ATIII)
C1 Inhibitor proteins
Heparin cofactor II (HCII)

III. Lipoproteins
Low- and very low-density lipoproteins
Apolipoproteins

IV. Growth factors
Fibroblast growth factors
Epidermal growth factors
Hepatocyte growth factors
Platelet-derived growth factors
Transforming growth factors
Vascular endothelial growth factors

V. Chemokines
Interleukin 8 (IL-8)
Neutrophil-activating peptide 2
Platelet factor IV

VI. Selectins
L-selectin
P-selectin

VII. Extracellular matrix proteins
Collagens I–VI
Fibronectin
Laminin
Thrombospondin 1 and 2
Vitronectin (S-protein)

VIII. Receptor proteins
Steroid receptors
Growth factor receptors
Channel proteins

IX. Viral coat proteins
gp 120 of HIV-1
gp 140 and gp 160 of HIV-2
Herpes simplex virus-1 (HSV-1)
Dengue

X. Nuclear proteins
Histones
Transcription factors
Others

XI. Other proteins
Prion proteins
Amyloid proteins
Fibrin
Immunoglobulin G
Protein C inhibitor

V. INTERACTION OF POLYSACCHARIDES WITH PROTEINS

Heparin has been found to bind a large number of proteins (Table 3). The
biological activity of heparin and related polysaccharides is usually ascribed
to their interaction with heparin-binding proteins. These proteins can be
classified into classes including: (1) enzymes, (2) protease inhibitors, (3)
lipoproteins, (4) growth factors, (5) chemokines, (6) selectins, (7) extracel-
lular matrix proteins, (8) receptor proteins, (9) viral coat proteins, (10) nu-
clear proteins, and (11) other proteins (1). Many heparin-binding proteins
are enzymes and enzyme inhibitors. For example, proteases in the coagu-
lation cascade, such as factors IIa, IXa, Xa, XIIa, and VIIIa, are heparin-
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binding proteins. Inhibitors of the coagulation cascade, such as ATIII and
HCII, as well as the enzymes and the inhibitors of other biochemical cas-
cades, such as the complement pathway, are also heparin-binding proteins
(1,13,14,48,49). Other enzymes, such as lipolytic enzymes, contain allosteric
sites that are important for both the localization and the control of their
activities. Important research is aimed at understanding GAG interaction
with growth factors and their cellular receptors, the tyrosine kinases (62).
The fibroblast growth factors (FGFs) are among the most extensively studied
of the heparin-binding growth factors. Cell surface heparan sulfate PG serves
as a reservoir for these growth factors. The currently held mechanism of
action for FGF (Fig. 4) involves binding to a GAG side chain of heparan
sulfate PG, followed by FGF dimerization. Presentation of dimerized FGF
to its tyrosine kinase receptor (also a heparin-binding protein) results in
receptor dimerization and autophosphorylation. This reaction begins an in-
tracellular biochemical cascade resulting in cell replication (or growth). A
single heparin chain, an oligosaccharide of sufficient length [i.e., dodeca- or
tetradeca (62)], or a heparin analogue can often substitute for the GAG and
stimulate growth. A number of nuclear proteins, i.e., histones, transcription
factors, topoisomerase, also bind heparin (1).

The interaction of heparin-binding proteins with heparin usually in-
volves both ionic and hydrogen-bonding interactions (4,63). Heparin is the
strongest acid present in the body and, thus, is present under physiologic
conditions as a highly charged polyanion (1,63). Arginine and lysine are
positively charged under physiologic pH and capable of ion pairing with the
O- and N-sulfo groups and carboxyl groups of heparin. Hydrogen-bonding
interactions can involve basic and other polar (i.e., Asn, Gln, Ser, etc.) amino
acids. Typically, ionic and hydrogen-bonding residues lie in a spatially close
array on the surface or in a shallow binding pocket on the surface of the
heparin-binding protein (1). While hydrophobic interactions have limited
importance in heparin binding, substantial hydrophobic contributions to
binding may result in the interaction of GAGs having hydrophobic character
(i.e., suramin), making these exquisitely potent agents.

The saccharide backbone present in heparin and many heparin ana-
logues present their anionic substituents (sulfo and carboxyl groups) in a
complex spatial array, owing to the high level of chirality, different regio-
isomers, multiple conformers, and secondary structural features of the car-
bohydrate backbone. Moreover, the flexibility of the saccharide backbone
permits reorientation of these charged groups during binding, facilitating
these interactions. Heparin (and to lesser extent heparan and dermatan sul-
fates) contains a flexible L-iduronic acid that in many cases is essential for
binding (4). Occasionally, heparin–protein interactions (i.e., selectin, annex-
ins) even require a divalent metal, such as Ca2�, for binding.
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Fig. 4 Interaction of basic FGF on heparan sulfate PG (1) and free GAG (2) induces FGFR dimerization, leading to tyrosine
kinase (TK) activation and signal transduction.
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VI. APPROACHES FOR MEASURING
POLYSACCHARIDE–PROTEIN INTERACTIONS

Numerous methods are available for analyzing polysaccharide–protein in-
teractions (63). Many are also applicable to the study of other macromolec-
ular interactions, such as protein–protein (see Chapter 9) and protein–DNA
(see Chapter 10) binding. However, because the monovalent binding of poly-
saccharides to proteins is often relatively low affinity, special considerations
apply. For example, many interactions are most easily observed using sys-
tems that allow multivalent binding. In addition, because chemical modifi-
cation of small carbohydrate ligands may significantly alter their binding
properties, methods that do not involve traditional labeling techniques are
favored. Methods for quantitative analysis of binding interactions can be
divided into two groups: those in which one binding partner is immobilized
(mixed-phase methods) and those in which both binding partners are in
solution (solution-phase methods). Individual methods within these two
groups differ in the type of information they afford, as well as in their
experimental complexity and the amounts and types of samples needed. No
single method is ideal, and a combination of complementary methods often
represents the best approach for characterizing polysaccharide–protein in-
teractions. Table 4 presents salient features of the most common methods in
use today for the quantitative analysis of polysaccharide–protein binding
interactions.

VII. APPLICATIONS OF AFFINITY CAPILLARY
ELECTROPHORESIS IN STUDYING
POLYSACCHARIDE–PROTEIN INTERACTIONS

Many papers have described methodologies useful for characterizing li-
gand–protein interactions (63–67). However, among these methods, ACE
has been the subject of much attention recently for the evaluation of affinity
interactions because of both its high resolution and the extremely small
amounts of sample required.

The ACE technique characterizes the interaction between protein and
ligand, since under the conditions of electrophoresis the migration of com-
plexed species differs from the migration of free species. The differences in
the migration patterns between both species in an electrical field are used
to quantify and identify specific binding and to estimate the parameters of
the interaction. Since the analyte mobilities are highly dependent on charge,
it is evident that interactions with negatively charged ligands, such as sul-
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Table 4 Quantitative Methods for Characterization of Carbohydrate–Protein
Binding Interactions

Method Type Principle

Surface plasmon resonance
(SPR)

M Mass-induced refractive index change in real
time for direct measurement of associa-
tion and dissociation rate constants

Affinity chromatography M Immobilized ligand on column matrix
Competition ELISA M Solution-phase and solid-phase ligands com-

pete for binding to lectin
Scintillation proximity M Proximity of radiolabeled ligand to immobi-

lized lectin results in emitted photon from
scintillant

Affinity coelectrophoresis
(AE)

M/S Gel retardation: one-dimensional electropho-
resis of carbohydrate through protein-im-
pregnated gel

Two-dimensional affinity
resolution electrophoresis
(2DARE)

M/S A two-dimensional AE separation

Nuclear magnetic reso-
nance (NMR)

S Chemical shift, coupling constants, and
spectroscopy nuclear Overhauser effect al-
lows calculation of contact points, dis-
tances, and conformation

Fluorescence spectroscopy S Conformational change with ligand binding
induces change in fluorescence properties
of intrinsic or extrinsic fluorophore

Circular dichroism (CD) S Change in rotation of plane-polarized light
upon binding to measure conformational
change

Fourier transform infrared
spectroscopy (FTIR)

S Measures protein and carbohydrate vibra-
tional, stretching, and bending energies

Isothermal microtitration
calorimetry (ITC)

S Measures enthalpy of binding directly

Equilibrium dialysis S Semipermeable membrane partitions protein
but not carbohydrate ligand

Analytical ultracentri-
fugation

S Equilibrium sedimentation at different car-
bohydrate:protein ratios yields stoichiome-
try of complex

Laser light scattering (LLS) S Intrinsic scattering intensities of carbohy-
drate–protein complex used to calculate
stoichiometry

M, mixed phase; S, solution phase (see text).
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fated oligo- and polysaccharides, are highly suitable for characterization by
this method.

The principle and theory of the ACE method is discussed in detail in
Part I of this book and were recently reviewed elsewhere (68–70). The
remainder of this section is focused on the recent applications of ACE for
studying GAG–protein and polysaccharide–protein interactions.

A. Experimental Settings

Based on recent reports on the study of polysaccharide–protein interaction
using ACE, two different interaction measurements can be distinguished: the
solution-phase method and the mixed-phase method.

The interactions can be studied when both the analyte and the affinity
molecule are in free solution. In most polysaccharide–protein interaction
studies, the protein is injected as a substrate to the capillary and the poly-
saccharide is in the running buffer. The change in migration of the protein
due to the binding to the polysaccharide is observed, and this allows the
affinity of interaction to be determined. However, a mobility change of the
polysaccharide might also be observed in cases where little or no change in
protein mobility is observed.

The ACE technique has been used to screen heparin-binding sites in
serum amyloid P component by observing the migration-shift patterns of
this protein in the presence of varying amounts of heparin in buffer (Fig. 5)
(71). Following a similar strategy, basic human lactoferin from two different
sources, neutrophil granulocytes and milk, were compared on the basis of
their affinity for heparin (72). Changes in peak shape and large shifts in
migration time were observed, suggesting that the two forms of lactoferin
were identical. While several interaction studies have been successfully per-
formed based on this approach, it still has potential drawbacks for the anal-
ysis of polysaccharide–protein/peptide interactions: (1) the possibility of
varying electroosmotic flow (EOF) at different concentrations of highly
charged ligand (i.e., heparin) and (2) the need for a large excess of one of
the binding partners.

Interactions can also be studied at the surface of a coated capillary
wall. One binding partner is first immobilized on the capillary wall. As a
result of the affinity of the second binding partner, the analyte will be de-
layed, compared with migration times observed in an untreated capillary.
Based on this approach, modified capillaries have been prepared and used
successfully to study polysaccharide–protein interactions as well as affinity
separations. Coating of the capillary wall with heparin and heparan sulfate
has been used to determine the affinity of these polysaccharides for synthetic
heparin-binding peptides different only in the stereochemistry of a single
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Fig. 5 Screening by affinity CE for interaction of SAP peptides with heparin in
solution. An endoproteinase Asp-N-treated Glu-C digest of SAP solubilized in water
was injected for 12 s and subjected to CE at 15 kV (detection at 200 nm) in the
presence of heparin (Hep) (B) added to the electrophoresis buffer (0.1 M phosphate,
pH 7.5) at the concentration indicated. The peptide marked with asterisks was iden-
tified by spiking with HPLC-purified fragments and corresponds to the fragment in
Figure 6. (From Ref. 71.)

amino acid (upcoming Fig. 8) (73). This approach leads to a fixed concen-
tration of heparin or heparan sulfate ligand and a constant EOF. Moreover,
the use of an immobilized ligand offers the advantage of requiring smaller
amounts of both ligand and ligate. However, there is still a number of draw-
backs to the method. The important potential problems are that it requires
additional effort to accurately determine the concentration of the immobi-
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lized heparin ligand, the immobilized ligand might not be uniformly acces-
sible for all interactions, and there is a risk of altering the ligand character-
istics through the derivatization chemistry.

An ultraviolet (UV) monitor is most commonly used in CE experiment.
Such interaction studies using the ACE method can also be hampered by
the inadequate sensitivity of UV detection. Fluorescence labeling and laser-
induced fluorescence (LIF) detection have been employed to enhance the
sensitivity of this method, as shown by the mobility-shift assay of fluores-
cence-labeled sugar caused by the interaction with the lectin, concanavalin
A (74). When fluorescent dyes are employed for labeling, LIF detection
provides several hundred times more sensitivity than UV detection.

The ACE tecnique has also been used in pharmaceutical and medical
research. Affinity interactions of drugs with interfering compounds present
in the body are important parameters of the interest for drug discovery,
action, and metablism. And ACE has been applied to the analysis of poly-
saccharide–drug interaction. Amylodextrin oligomers were used as model
solutes to investigate certain carbohydrate–drug interactions (75). Fluores-
cently labeled oligosaccharides, used to observe the interaction of an oli-
gosaccharide with the drug, provided a mobility shift in this ACE experi-
ment. In an analogous procedure, interaction between different starch
degradation products and the �-blocker propanolol were studied using gel
permeation experiments and ACE (76). The mobility of the drug under elec-
trophoresis is known to be altered by its aggregation with starch. A similar
interaction might be responsible for the retarded transport of propanolol over
the membranes in the presence of malto-oligosaccharides.

Another interesting and recent application of ACE is the fluorescence-
enhanced competition assay for the detection of sugar–lectin interactions
(77). Because glucose competes with the fluorescently labeled dextran for
the lectin-binding sites, the relative fluorescent intensity due to the displaced
dextran is proportional to the concentration of glucose.

The affinity of polysaccharides for drug has also been exploited to
assist the separation of enantiomeric drugs (78,79). About 40% of drugs in
the marketplace are known to be chiral (79). The pharmacological activity
of these drugs is almost entirely restricted to one of the enantiomers. In
several cases, unwanted side effects or even toxic effects have been caused
by the second, inactive enantiomer. Therefore, the development of methods
for enantiomeric separation is of increasing interest. Ionic and neutral poly-
saccharides have been shown to be useful in such separation of basic drugs.
The fundamental aspects and applications of these separations are discussed
in detail elsewhere (80,81). Cyclodextrins are the most frequently used chiral
selectors (79) (see also Chapter 8). Negatively charged polysaccharides such
as heparin, chondroitin sulfate A and C, dextran sulfate, and �-carrageenan
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have also been used as chiral selectors for the separation of basic drugs
(80,81). Recently, several new GAGs have been investigated as chiral se-
lectors: Dermatan sulfate has been successfully demonstrated to act as an
enantiomeric selector for a variety of basic drugs, such as �-sympatho-
mimetics, �-blockers, and antihypertensives (82). More recently, pentosan
polysulfate was also investigated as a chiral selector for tryptophan deriva-
tives and several drugs (83).

B. Recent Examples

1. Example 1: Using ACE to Determine the Heparin-Binding Site
in Proteins

Based on the solution-phase approach, ACE was used to identify and char-
acterize heparin-binding peptides derived from serum amyloid P (SAP) (71).
The protein was digested by proteolytic enzyme, Glu-C endoproteinase. The
peptides formed on digestion were examined for binding to heparin by ACE.
Heparin was included in the running buffer, and the migration time of pep-
tide was compared with a control (Fig. 5). The binding interactions were
characterized by analysis of changes in peak appearance and migration
times. Next, the main heparin-interacting peptide was purified from the SAP
digest and subjected to analysis and examined for heparin binding by ACE
(Fig. 6). By comparing the analysis profile with that of the control experi-
ment, the changes in the migration of complexing peptides were noted. A
concentration-dependent decrease in the mobility of the peptide was ob-
served with increasing concentration of heparin in the electrophoresis buffer.
No changes in peak shape or size were detected. As expected, the equilib-
rium shifts toward longer times spent in the complexed form when more
heparin is present. Additionally, the heparin-binding sequence in the peptide
fragment was characterized and identified by mass spectrometry and amino
acid sequencing. This report showed the potential use of the ACE technique
for directly mapping binding sites in protein digest.

2. Example 2: Using ACE to Separate Heparin-Binding Peptides

Immobilizing heparin and heparan sulfate onto fused-silica capillaries using
biotin–neutravidin conjugation has been applied to ACE analysis (73). These
capillaries exhibit markedly reduced electroosmotic flow and were able to
distinguish heparin-binding peptides that differed only in the stereochemistry
or type of amino acid residue. No resolution of these peptides was observed
if heparin or heparan sulfate was included in the buffer phase.

Capillary Modification. The capillary was chemically modified based
on the immobilization method used by Cosford and Kuhr (84). The chem-
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Fig. 6 ACE analysis of a purified heparin-binding peptide fragment of SAP. Dem-
onstration of interaction with heparin. The peptide fragment was analyzed at 20 kV
(detection at 200 nm) after a 5-s injection in the presence of the indicated concen-
trations of heparin in the electrophoresis buffer (0.1 M phosphate, pH 7.5). (From
Ref. 71.)

istry of immobilization of the heparin and heparan sulfate onto the surface
of the capillary is illustrated in Figure 7. Briefly, the capillary was treated
with 3-aminopropyl triethoxysilane (APTES), succinimidyl-6-(biotinamido)
hexanoate (NHS-LC-biotin), and neutravidin, respectively. Finally, biotin-
ylated heparin or heparan sulfate was introduced to the capillary wall as an
affinity layer. Heparan sulfate was immobilized to the surface through biotin
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Fig. 7 Schematic diagram showing the immobilization of GAG to the capillary surface. (From Ref. 73.)
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Fig. 8 Separation of D- and L-proline aFGF peptides using neutral and heparan
sulfate–coated capillaries. A racemic mixture of D- and L-proline-containing peptides
(130 �M) were injected (22 nL) and subjected to electrophoresis using 50 mM
sodium phosphate buffer, pH 7.4, 20C, and 20 kV. (From Ref. 73.)

covalently attached through its primary amino group, whereas heparin was
biotinylated through covalent attachment to its carboxyl groups.

Separation of Heparin-Binding Peptides. Two peptides were synthe-
sized based on the heparin-binding domain of acidic fibroblast growth fac-
tor (aFGF) having the sequence GLKKNGSCKRGPRTHYGQKA, residues
125–144. These two peptides, which differ only in the stereochemistry of a
single amino acid (L-proline to D-proline), showed the interaction to both
heparin and heparan sulfate. However, a peptide in which L-proline (the
native peptide sequence) showed higher affinity for heparan sulfate. The
different dissociation (Kd) constants for the heparan sulfate interaction with
these peptides were observed by injecting a racemic mixture of D- and L-
proline peptides onto the heparan sulfate–coated capillary, and the mixture
was readily separated, as shown in Figure 8. The separation is based on the
different affinities of the peptides to heparan sulfate resulting from the dif-
ferent migration times (25.4 and 25.9 minutes for the D- and L-proline-
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Fig. 9 Separation of K5W and R5W peptides using neutral and heparan sulfate–
coated capillaries. A mixture of K5W and R5W peptides (140 and 400 �M, respec-
tively) were injected (22 nL) onto the capillaries, and electrophoresis was performed
as described in Figure 8 legend. (From Ref. 73.)

containing peptides, respectively). No resolution was observed in control
experiments using a normal fused-silica capillary and a neutral hydrophilic
polymer–coated capillary.

This report also showed a markedly improved resolution in the sepa-
ration of arginine (R5W) and lysine (K5W) basic polypeptides on a heparan
sulfate–coated capillary, compared with a neutral-coated capillary. Arginine
(R5W) and lysine (K5W) polypeptides, while having an identical charge,
differ sufficiently in their properties to be partially separated on the neutral-
coated capillary (Fig. 9). A heparan sulfate–coated capillary increases the
migration times of both peptides. In addition, the separation of these peptides
was significantly enhanced due to the different affinities for heparan sulfate
of each peptide (Fig. 9). Arginine-rich peptides are known to bind heparin
and heparan sulfate with several-fold higher affinity than do lysine-rich pep-
tides (4).
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3. Example 3: Using ACE to Study the Affinity Interaction of
Heparin with the Serine Protease Inhibitors

Based on the mixed-phase method, ACE is introduced for studying the in-
teraction of heparin with the serine protease inhibitors, antithrombin III
(ATIII) and secretory leukocyte proteinase inhibitor (SLPI) (85). An etched
capillary, to which heparin has been covalently immobilized, was used in
this study. This modified capillary both afforded an improvement in the
separation of heparin-binding proteins and required a lower quantity of
loaded protein.

Capillary Modification. The capillary was etched with a fluoride
compound at high temperature to prepare a whisker column with a 1000-
fold increased inner surface area as compared to an unmodified capillary
(86). This results in almost the same specific surface area as found in cap-
illary packed with macroporous silica beads. Next, the heparin was cova-
lently immobilized on the surface of an etched capillary through a spacer
using silane chemistry.

Separation of Serine Protease Inhibitors. As a control experiment,
ATIII was injected into an unmodified capillary in the presence of low-
molecular-weight heparin. No change in the migration of ATIII under elec-
trophoresis was observed. The interaction between the proteins with heparin
was studied by performing ACE on ATIII, SLPI (heparin-binding proteins),
and bovine serum albumin (BSA) (noninteracting protein) using heparinized
capillary. The proteins were bound to heparinized capillary, washed with
buffer, eluted with sodium chloride, and detected by absorbance. Noninter-
acting BSA eluted first in buffer, while SLPI and ATIII, having affinity for
heparin, were eluted only when the capillary was washed with buffer con-
taining 1 M sodium chloride (Fig. 10). This study demonstrates a new ap-
proach to measuring the heparin interaction of both SLPI and ATIII using
ACE.

A detailed examination of the affinity of SLPI for the heparinized cap-
illary was next made using a stepwise elution (from 0.1 to 0.9 M NaCl)
(Fig. 11). SLPI eluted from the capillary with 0.2 M NaCl. This agreed well
with results obtained by traditional affinity chromatography on a heparin-
Sepharose matrix. The ACE method has the unique advantages over tradi-
tional affinity chromatography in that it requires much smaller quantities of
protein and afforded better separation profiles.

4. Example 4: Using ACE to Observe the Complexation
Behavior of Amylodextrin Oligomers and
Selected Pharmaceuticals

Amylose and amylodextrins have been used in the food and pharmaceutical
industries as excipients. Recently, they have been explored as chiral selec-
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Fig. 10 ACE using an etched capillary with heparin bound. (a) SLPI concentration,
10 mg/mL. ACE condition: etched capillary, 75-�m ID � 55 cm (47 cm from
injection to detection window), heparin bound via silane spacer. Injection mode:
gravity, height 55 cm, time 15 s. Washing and elution mode: pressure injection, 2
psi, 300 s. Buffer A, 25 mM sodium phosphate, pH 7.4; buffer B, buffer and 1.0 M
NaCl. Detection wavelength, 220 nm. (b) ATIII concentration, 4.5 mg/mL. (c) Bo-
vine serum albumin, 0.3 mg/mL. (From Ref. 85.)
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Fig. 11 ACE step elution of SLPI by various concentrations of NaCl containing
buffer from heparin-bound etched capillary. NaCl concentration in elution buffer:
see Fig. 10 for conditions. (From Ref. 85.)

tors. A fluorescent-labeling approach was applied to this interaction study
between amylodextrins and four different pharmaceuticals (ibuprofen, ke-
toprofen, furosemide, and warfarin) (75). Amylodextrin oligomers were flu-
orescently derivatized. The complexation behavior was predicted based on
observed changes in the migration times and peak shapes of the amylo-
dextrin solutes obtained under electrophoresis in the presence and absence
of the binding partner. Further, 13C NMR measurements were performed in
support of the ACE complexation studies.

The selectivity of complexation was the subject of this study. The
minimum size of sugar oligomer chain able to form the complex was ex-
plained. As a model experiment, the interaction study between amylodextrins
and (S)-(�)-ibuprofen was performed. The migration profiles of amylo-
dextrins with and without ibuprofen ligands in the buffer clearly showed
differences. These results suggested a size selectivity for the formation of
oligosaccharide drug complex (Fig. 12). No changes in the retention time
and peak shape of dextrin oligomers was observed when the degree of
polymerization of this oligosaccharide less than 10, indicative of no inter-
action taking place between these small amylodextrins and ibuprofen. Inter-
estingly, the decasaccharide (DP = 10) peak was visibly sharpened. This
suggested a strong interaction between the decasaccharide and the drug li-
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Fig. 12 Electropherograms of amylodextrins with (A) and without (B) (S)-(�)-ibuprofen. Conditions:
46- and 12-cm coated capillaries, 50-�m i.d., 360-�m o.d.; 40 mM acetate-Tris buffer, pH = 5.0, ionic
strength 18.3 mM (adjusted by NaCl); LIF detection at 488 nm/514 nm; applied voltage, 25 kV; current:
20 �A. (From Ref. 75.)
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Fig. 13 Electropherograms of amylodextrins with different pharmaceuticals. (A)
ibuprofen, (B) ketoprofen, (C) furosemide, (D) warfarin. Electrophoretic conditions:
20 mM phosphate buffer, pH = 7.0, ionic strength 18.3 mM. Other conditions are
the same as for Figure 12. (From Ref. 75.)

gand. The sharp peak associated with the decasaccharide drug complex also
migrated faster than the decasaccharide in the noncomplexed form, sug-
gesting conformational change due to a tight interaction and an enhanced
charge-to-mass ratio of this complex.

This study also suggests that molecular size and structure play a role
in this interaction. The binding behaviors of dextrin oligomers for four dif-
ferent pharmaceuticals (ibuprofen, ketoprofen, furosemide, and warfarin)
were observed under the same experimental conditions. Ibuprofen and
ketoprofen, two compounds that are similar in chemical structure and
pharmaceutical use, showed obvious differences in interaction patterns (Fig.
13A and B). Ketoprofen, having an extra aromatic ring, required an octa-
saccharide (DP = 8) for binding, whereas ibuprofen required a heptasac-
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charide (DP = 7) for its interaction. Furosemide and warfarin required longer
oligosaccharide chains for complexation, consistent with their larger molec-
ular sizes (Fig. 13C and D).

Several factors that might influence the actual interaction were also
examined. Experimental conditions such as pH, ionic strength, and the na-
ture and concentration of organic additives significantly affected the for-
mation of the complex.

VIII. CONCLUSIONS AND FUTURE DIRECTIONS

Heparin is the most commonly used pharmaceutical polysaccharide, having
been used for over 60 years as an anticoagulant. Numerous proteins of phys-
iologic and pathologic importance have been found to interact with heparin,
offering a large number of potential new therapeutic applications for heparin.
A major limitation in utilizing heparin in new ways is that its anticoagulant
properties can result in hemorrhagic complications. The introduction of
LMW heparins, heparin oligosaccharides, and synthetic analogues of re-
duced anticoagulant activity has been used to enhance heparin’s specificity,
required for new applications in the treatment of cancer, viral and bacteria
infection, Alzheimer’s disease, and transplant rejection. To substitute for
heparin in these new applications, an analogue should ideally bind only those
proteins that regulate the desired activity. Interaction studies have been per-
formed on heparin and its analogues using a variety of methods. The ACE
technique has been the subject of much attention because of its high reso-
lution, high selectivity, and high throughput and the extremely small
amounts of sample required. And ACE offers advantages to pharmaceutical
and medical researchers in their study of drug interaction with polysaccha-
rides used as excipients (see Chapter 4).

Although the ACE method offers a number of advantages, several im-
portant problems still need to be addressed. A major issue is the concentra-
tion detection limit. The development of more sensitive detection methods,
such as mass detector and LIF detection, should be very helpful in over-
coming this marked disadvantage. The combination of CE, fluorescent la-
beling, and LIF detection might provide an efficient way to quantify the
amount of unlabeled molecules in the form of a fluorescent complex. How-
ever, a marked disadvantage of LIF is that labeling of the analytes is usually
required, which might change the interaction behavior of the solutes under
investigation. An alternative detection approach, mass spectrometric (MS)
detection, looks very promising. The combination of the high selectivity of
ACE and the structural identification of the MS makes ACE-MS a powerful
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technique (see Chapter 13). Unfortunately, this combination technique is
expensive and still not routinely available.

The interaction of the analytes with the capillary wall is another prob-
lem that prevents the application of ACE in many cases. Coated capillaries
might represent one approach to overcoming this problem. Recent efforts
have focused on developing simple, reproducible, and chemically stable
coating procedures. There are still many challenges to be solved in devel-
oping such coated capillaries.

Important future progress in sensitive detection strategies and the emer-
gence of adequate coating technologies should increase the application of
ACE in the study of polysaccharide–protein interaction. This will greatly
increase our fundamental understanding of the biology, chemistry, and phys-
ics of these interactions. Practical application of ACE is also expected in the
fields of high-throughput screening and combinatorial chemistry. Finally, this
approach will also be extremely useful for clinical chemistry and diagnostics.
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I. SCOPE

This chapter will deal mainly with ACE investigations of antigen–antibody
interactions. Following the enzyme-linked immunosorbent assays (ELISAs),
most of these experiments are also identified as capillary electrophoresis
immunoassays (CEIAs), CE-based immunoassays, or immunocapillary elec-
trophoresis. Because of the expected audience, the focus of the chapter is
more on the application aspect than on technical details. There are, for ex-
ample, several successful attempts reported to use immobilized antibodies
within the capillary to enhance the separation efficiency of structurally very
similar antigens. Because these antigen–antibody interactions are imple-
mented only for separation reasons, they are not covered in this chapter.
Experiments using antibody substitutes with oligonucleotide nature, such as
aptamers, will also not be described. On the other hand some special appli-
cations that may be directed to the future in this field are exemplified, like
microchip-based assays and experiments with whole cells or viruses. Finally,
the authors decided to include ACE examples dealing with proteins known
to be influencing the immune system, such as human immunodeficiency
virus (HIV) proteins and the so-called immunophilins. The authors took care
to include all relevant references. Still, some noteworthy investigations may
have been overlooked. Therefore, readers more interested in this field are
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referred to some excellent recent reviews (1–5). Also, it is always a good
idea to research the review volumes annually released by Analytical Chem-
istry, Electrophoresis, or Journal of Chromatography.

II. INTRODUCTION

Immunoreactions are the key reactions for identifying and fighting extra-
neous substances, known as antigens, that might be harmful to physiological
functions. Identification implies binding to the antigen molecules, compar-
ison to specific patterns to recognize them as extraneous, and the production
of specific molecules, called antibodies, as an immune answer. The antibod-
ies bind tightly and specifically to the antigens, thereby forming antigen–
antibody complexes (Ag-Ab complexes), which are transported to specific
cells to digest the antigens. This process is widely used to stimulate the
production of antibodies against diseases. Furthermore, it is utilized to qual-
itatively and quantitatively detect biomolecules. Such procedures are known
as immunoassays. In the common format, one assay constituent, mostly the
Ab, is immobilized on a surface. To recognize as few molecules as possible
it is most often also necessary to label one of the assay components. Very
popular is fluorescence labeling with derivatives of fluorescein, rhodamine,
or carbocyanine dyes. Other labeling techniques make use of radioactivity,
chemiluminescence, or enzyme amplification. However, the immobilization
process as well as the labeling can alter the binding affinity to the antigen.
Moreover, the antibody source produces a lot of different antibodies with
different binding affinities to the antigen and different cross-reactivities to
other antigens. In general a single ELISA is most often time-consuming,
because it requires a preconcentration procedure on the surface. Furthermore,
it will only work with tight-binding antibodies and involves obstacles for
complex matrices. Therefore, the development of additional methods allow-
ing detection of Ag–Ab interactions is desirable.

Affinity capillary electrophoresis can be used for the detection of Ag–
Ab interactions, because the complexation is likely to change the migration
properties. Therefore, it is possible to separate free and complexed Ag or
Ab in the case of a high-affinity interaction and slow dissociation rate con-
stants of the complex. These experiments are executed in the equilibrium–
mixture mode and called CEIA. Additionally, ACE investigations covering
weak Ag–Ab interactions can be carried out using the migration-shift
approach.

The first ACE applications for the investigation of Ag–Ab interactions
were reported in 1993. Since then the published examples have grown stead-
ily, though not progressively like other ACE investigations. Most application
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areas of traditional ELISA have been tested to fit for CEIA. The results
achieved so far suggest, however, that the method is promising but still in
a rather developmental stage. A broader use is hampered for several reasons.
To detect Ag–Ab interactions by ACE separation, conditions are necessary
that disturb the interaction as little as possible. This especially restricts the
choice of background buffer pH and buffer additives. Unfortunately, these
are the most powerful conditions changed to prevent protein adsorption on
the capillary wall. Therefore, it is hard to predict if a given Ag–Ab inter-
action will lead to evaluable and repeatable peaks. Another important point
is whether CEIA can compete with the well-established ELISA. Advantages
of the CEIA format are its better mass sensitivity, its faster analysis of single
runs, as well as its low reagent consumption. The CEIA method can handle
crude mixtures by separating the unwanted components during the assay.
The direct visualization of the immunocomplex formation and dissociation
makes it easier to discriminate between specific and nonspecific binding.
Furthermore, CEIA is more compatible with automation and on-line hy-
phenation to other techniques. A major drawback, however, is that the con-
centration sensitivity is most often poorer compared to ELISA. Moreover,
the longer time needed to execute a single ELISA is well compensated by
using 96-well plates, thereby allowing high-throughput analysis. There is no
CE instrumentation yet commercially available to achieve parallel operation,
except for DNA sequencing.

III. CAPILLARY ELECTROPHORESIS IMMUNOASSAY (CEIA)

Similar to ELISA, CEIA experiments can be divided into noncompetitive
and competitive modes. The experimental setup of both procedures is illus-
trated in Figure 1. In the noncompetitive approach (A), a fluoresceinylated
antibody is pre-equilibrated with increasing amounts of nonlabeled antigen.
Because of the interaction, a new peak emerges for the Ab–Ag complex,
whereas the signal of the unbound antibody decreases. The experiment can
also be done in such a way that a labeled antigen is mixed with increasing
amounts of an unlabeled antibody. These kinds of experiments are also
called ‘‘direct’’ CEIA or affinity probe capillary electrophoresis. To facilitate
a competitive CEIA (B), the nonlabeled antibody is pre-equilibrated with a
labeled antigen and increasing amounts of nonlabeled antigen. The nonla-
beled antigen displaces the labeled one from the complex, thereby generating
a peak for the labeled but unbound antigen, which is used for quantitation.
It should be mentioned again that both approaches utilize the equilibrium–
mixture mode in the context of ACE. This requires tight-binding and slow
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Fig. 1 Principles of noncompetitive (A) and competitive (B) capillary electropho-
resis immunoassays (CEIAs) with labeled reagents for the measurement of specific
analytes using laser-induced fluorescence detection. (A) Fluoresceinylated antibody
(FITC–Ab) and fluorescing marker molecule (M) mixed with increasing amounts of
unlabeled antigen (Ag) of low mobility. Complex peaks are double-peaked, corre-
sponding to mono- and bivalent antibody occupancy. (B) Fluoresceinylated antigen
(FITC–Ag) and marker (M) are mixed with antibody and with a sample containing
increasing amounts of unlabeled antigen that displace FITC–Ag from the antibody–
FITC–Ag complex (Complex). Quantitation of unlabeled antigen is based on the
area of the resulting FITC–Ag peak. (Reprinted with permission from Ref. 1. Copy-
right 1998 Elsevier Science.)

off-rates of the complex. Otherwise a significant amount of the complex will
dissociate during the experiment and make the results questionable.

To investigate weak Ag–Ab interactions, the mobility-shift mode of
ACE is used. In this approach one component is mixed in different concen-
trations to the background buffer and the change in the migration time of
the other assay constituent used for the calculation of the dissociation con-
stant. Because of dissociation constants in the micromolar range or even
higher, experiments are executable without reagent labeling using standard
UV detection.
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A. Noncompetitive Capillary Electrophoresis
Immunoassays

Shimura and Karger published the first example of a noncompetitive CEIA
in 1994 (6). Here a rhodamine-labeled fragment of a mouse monoclonal
antibody against human growth hormone (hGH) was used. To separate the
free labeled antibody fragment and the fluorescent complex, capillary iso-
electric focusing (CIEF) was exemplified. This allowed them to achieve
detection limits down to the lower picomolar range, because in CIEF mode
the entire capillary is filled with sample prior to the focusing step. It is
interesting to note that the complexes of three methionyl rhGH variants
could also be easily distinguished from each other.

In one of the earlier applications, Heegaard (7) employed the inter-
action of phosphotyrosine to monoclonal antiphosphotyrosine antibodies as
a model system. He investigated the influence of changed experimental CE
conditions, such as pH and field strength, on the calculated dissociation
constant. UV detection was used in this study, and the binding constants
were in the lower micromolar range.

A method for determination of binding stoichiometries in biochemical
systems has been reported by Chu et al. (8). For multivalent, tight-binding
systems, these ACE procedures can readily separate stable intermediate spe-
cies (Fig. 2). The method is generally applicable to both tight- and weak-
binding systems and requires only nanograms of proteins and ligands. For
high-affinity systems (such as antibody–antigen), samples having a fixed
concentration of a receptor protein and various concentrations of the ligand
are prepared and injected into a capillary containing the electrophoresis
buffer alone. An abrupt change in the slope, in a plot of the integration of
free ligand vs. the ratio of [L]total/[R] in samples, corresponds to the binding
stoichiometry n of the system studied. The results on binding interactions
of a monoclonal antihuman serum albumin (HSA) antibody to its antigen
HSA showed that the antibody associates tightly with its antigen to form
complexes having different electrophoretic mobilities with a final stoichio-
metric ratio of 1:2. Stable intermediate species are separated and obtained
upon titrating the receptor protein with its ligand for binding systems of
n > 1.

The dissociation constant (Kd) of a monoclonal antibody with fluores-
cein isothiocyanate- (FITC)-labeled insulin and unlabeled insulins from sev-
eral species were measured using CE with laser-induced fluorescence detec-
tion (CE-LIF) (9). Kd determinations were made by separating free
FITC-labeled insulin and its complex with the antibody in equilibrated so-
lutions in 6 s or less (Fig. 3). Dissociation and association rates for insulin,
FITC-insulin, and the antibody are fast enough to reach equilibria in less
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Fig. 3 Electropherograms used for the determination of the dissociation constant
between FITC-insulin and the antibody. All samples contained 0.1 nM FITC-proline
(internal standard) and 2 nM antibody. Total concentrations of FITC-insulin were:
(A) 1 nM, (B) 2 nM, (C) 3 nM, (D) 4 nM, (E) 6 nM. (Reprinted with permission
from Ref. 9. Copyright 1997 Wiley-VCH.)

<

Fig. 2 Determination of the binding stoichiometry of human serum albumin (HSA)
to its mouse monoclonal IgG antibody (anti-HSA). (A) The concentration of anti-
HSA was 0.33 �M. DNS-E was dansylglutamic acid used as internal standard. The
intermediate species is considered to be due to the 1:1 complex. (B) A plot of the
concentration of free ligand vs. the ratio of [HSA]/[anti-HSA] gives a sharp break
at the stoichiometric point. (Reprinted with permission from Ref. 8. Copyright 1994
American Chemical Society.)
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than 3 min. The use of LIF detection allowed the quantification of free and
bound FITC-insulin in the picomolar range. The Kd of FITC-insulin with the
antibody was determined to be 0.25 nM by Scatchard analysis. The appli-
cability of the method for competitive and noncompetitive assays was de-
scribed earlier by Schultz and Kennedy (10). They also observed that high
electric field strength is important in obtaining well-shaped complex peaks.

Busch et al. studied the applicability of CZE to the examination of
hapten–antibody complex formation (11). The catalytic antibodies examined
have been used to accelerate a Diels–Alder reaction. Association constants
of two hapten–antibody complexes were investigated and compared to the
ELISA method. The samples contained buffer, hapten, and antibody. The
constants obtained with CZE are a factor of 3–5 larger than those found
with the ELISA method. The free-hapten concentration is measured directly;
this allows confirmation of the stoichiometric model. Because of the poor
concentration sensitivity of UV detection, the application of an extended
optical path length such as a bubble cell is necessary to obtain reliable
binding parameters.

Nielsen et al. used this method to separate antigen–antibody com-
plexes of recombinant hGH with monoclonal antibody specific to hGH (12).
The complexes were well resolved from the free antibody and antigen in
solution. The strong binding affinity of the antibody for hGH results in
strong, stable antibody–antigen complexes that form very rapidly in solu-
tion; two complexes (IgG-hGH, IgG-(hGH)2) have been observed.

Korf et al. showed the applicability of the green fluorescent protein
(GFP) in a CE-based immunoassay (13). Green fluorescent protein and
GFP–antibody complex were detected separately at picogram levels using
LIF detection, as illustrated in Figure 4. By means of genetic engineering,
GFP can be attached to several types of proteins. The GFP fusion method
may also be advantageous because it prevents multiple labeling, which often
occurs in chemical labeling of proteins. Hence, the use of GFP fusion pro-
teins is a general approach for establishing highly sensitive competitive and
noncompetitive immunoassays using CE. Furthermore, specific antibodies
raised against GFP can also detect GFP fusion proteins. That means the
fluorescent label can also function as antibody target. This provides an ef-
fective detection tool for different proteins requiring only a GFP antibody.

An immunoassay using immobilized antibodies was described by Phil-
lips and Chmielinska (14). By means of this approach the determination of
the immunosuppressant cyclosporin A (CsA) in tear fluid was obtained using
UV detection. Although the detection limit is sufficient using only immu-
noaffinity capillary electrophoresis, overlapping signals can be avoided. A
set of tear samples was quantified. Immunoaffinity CE was able to detect
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Fig. 4 Separation of free and antibody-bound GFP using CE-LIF. A fixed amount
of GFP antisera was added to aliquots of 100 mM borate, pH 8.5, containing relative
GFP concentrations of 1, 2, 4, 8, or 16� (corresponding to a final concentration of
1.875, 2.75, 5.5, 11, or 22 ng/mL GFP solution) and then analyzed by CE-LIF. Peaks
of the GFP isoforms are marked I and II. The addition of GFP antisera to free GFP
results in a distinct complex peak III, as indicated. The RFU scale decreases from
16� to 1�. (Reprinted with permission from Ref. 13. Copyright 1997 Academic
Press.)

CsA in the range of clinical interest necessary for the control of patients
after CsA treatment because of its narrow therapeutic range.

It has often been realized that the separation efficiency in the compet-
itive CEIA mode is favorable compared to the noncompetitve mode, espe-
cially if free and bound antibodies are utilized. Ou and co-workers presented
a relatively simple approach to solve this problem (15,16). They used non-
denaturing SDS capillary gel electrophoresis (CGE) to analyze anti–bovine
serum albumin (BSA) antibodies with UV detection.

An ACE-MS hyphenation was utilized for the linear epitope mapping
(17). The tryptic digest of �-endorphin was mixed with an anti-�-endorphin
antibody and subsequently analyzed by ACE-ESI-MS. The procedure re-
quires only femtomole amounts of antibody and peptide digest. More tech-
nical details of the method are described in Chapter 13 of this book.
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B. Competitive Capillary Electrophoresis Immunoassays

Steinmann et al. developed a competitive binding immunoassay for the mon-
itoring of theophylline in human serum (18). Separation and analysis of free
tracer (fluorescein-labeled theophylline) and the antibody–tracer complex
were done using micellar electrokinetic capillary chromatography (MEKC)
with LIF detection. Quantitation based upon multilevel calibration using the
height of the peak produced by the free tracer (Fig. 5). The SDS present in
the MEKC buffer prevents adsorption of proteins to the capillary walls and,
thus, permits the performance of hundreds to thousands of runs in a single
untreated fused-silica capillary. The calibration range (nonlinear regression)
was between 0 and 40 �g/mL. This covers the therapeutic range of theoph-
ylline (10–20 �g/mL). The method provides good reproducibility, is simple
and reliable in performance, and should lend itself to complete high through-
put automation in miniaturized equipment.

In addition Choi et al. utilized FITC-labeled methamphetamine for
competitive immunoassay of methamphetamine in urine (19). Instead of pu-
rified antibody or antibody fragment, antiserum was used. An aminobutyl
derivative of metamphetamine was conjugated with proteins and used as an
immunogen to produce antibodies for the assay. The free FITC-labeled tracer
was well separated from the antibody-bound fraction, and the detection limit
for the CE assay was lower than that for ELISA.

Competitive CEIA was also employed to determine methadone in urine
(20) and to screen for urinary amphetamines and analogues (21). The method
was extended in subsequent studies to simultaneously analyze four drugs of
abuse: methadone, opiates, benzoylecgonine, and amphetamine (22,23). It is
important to note that these multiple-analyte investigations exemplify one
potential advantage of CEIA over most other immunoassay formats.

Schmerr and Jenny established a CE-based immunoassay for the de-
tection of prion protein (24). In this competitive assay, peptides derived from
the prion protein and labeled with fluorescein were used. This allowed them
to distinguish scrapie-infected brain preparations from noninfected. For iden-
tification, the ratio between the peaks resulting from the free and the com-
plexed peptide with a specific antibody was used. The results were in agree-
ment with other data on the brain preparations achieved by Western blot
analysis. The CE-based assay provides the advantage of direct detection of
the scrapie protein in blood and tissue preparations with high sensitivity.
Furthermore, due to the small sample amount needed for analysis, the CE-
based assay is applicable to the putative diagnostics of prion protein in body
fluids.

Another approach to detect CsA in body fluids is a CE-based com-
petitive immunoassay using labeled CsA and an anti-CsA antibody (25). In
comparison to the direct assay, an immobilization of an antibody is not
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Fig. 5 Competitive CEIA for the monitoring of theophylline in human serum. So-
lution S: mouse monoclonal theophylline antiserum solution; solution T: theophylline
fluorescein tracer solution. Electropherograms of (A) tracer solution T, (B) antiserum
solution S, (C) equivolume mixture of solutions T and S, (D) equivolume mixture
of blank serum, S, and T, (E) equivolume mixture of a patient serum containing 5.98
�g/mL theophylline, S, and T, and (F) a similar mixture as for (E) but with a patient
serum having 15.62 �g/mL theophylline. FT represents the peak of the free tracer,
whereas C is assigned to the tracer–antibody complex. (Reprinted with permission
from Ref. 18. Copyright 1995 Wiley-VCH.)
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required. The limiting step is the labeling procedure for either the antigen
or the antibody. In the case of CsA, the fluorescein-labeled compound is
commercially available. The detection limit achieved for CsA is about 1 nM.
This is comparable to other methods, such as fluorescence polarization, used
in clinical analytics. The data for the determination of CsA in whole blood
samples of treated patients were comparable for the CE- and the fluorescence
polarization–based assay. The most important advantage of the CE-based
assay is the ability to detect both CsA and metabolites in one run.

Tao and Kennedy (9) also used a competitive approach to determine
the dissociation constants of unlabeled insulins from several species to an
antibody by fitting bound over free FITC-insulin as a function of unlabeled
insulin concentration. The Kd values for the different insulins were between
0.34 and 0.64 nM. In another investigation, the method was further improved
to monitor the insulin secretion from single islets of Langerhans (26). To
explore the assumed pulsatile fashion of insulin secretion, an instrumental
setup was designed that allowed the separation of bound and free FITC-
insulin every 3 seconds.

C. Mobility-Shift Assays

The examples mentioned up to now utilized strong Ag–Ab interactions using
the equilibrium–mixture mode of ACE. But the quantitation of weak anti-
gen–antibody interaction is also possible by ACE, if the mobility-shift ap-
proach, sometimes also called dynamic equilibrium affinity electrophoresis,
is applied.

Lin et al. used protein additives to the running buffer (27). This is an
uncommon technique for proteins due to their tremendous influence on the
separation system. Using the mobility-shift assay, the binding of a mono-
clonal anti-phosphoserine antibody to phosvitin was determined (Fig. 6). The
study was later extended to evaluate the binding constant of antiphospho-
tyrosine Fab fragment to 18-mer diphosphotyrosine peptide (28). Scatchard
analysis of the changes obtained in the mobility of the antibody when in-
creasing amounts of the antigen were added to the background buffer yielded
a dissociation constant in the range of 10�5 M. The results were comparable
to classical approaches, such as ELISA. The CE assay is, however, advan-
tageous because it does not require the immobilization of antigen or
antibody. Lin et al. also used the method for detecting anti-dinitrophenol
antibody (pAb) subpopulations by studying the mobility-shift pattern of din-
itrophenol–pAb complexes (29). Two subpopulations were observed, one of
low- or very low-affinity antibodies and one of higher-affinity antibodies.
The changes in the peak that appear in the electropherograms are thus com-
posed of contributions from antibodies with different binding kinetics.
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Fig. 6 Evaluation of phosvitin binding to monoclonal anti-phosphoserine antibody
by ACE using mobility-shift analysis and UV detection. Peaks: M, internal peptide
marker; mAb, free monoclonal anti-phosphoserine antibody; mAb–hpAg complex,
monoclonal anti-phosphoserine antibody complexed with homopolyvalent phosvitin
antigen. The buffer contained phosvitin within a concentration from 0 to 60 �M.
(Reprinted with permission from Ref. 27. Copyright 1997 Academic Press.)

The ACE technique has also been used to determine the two dissoci-
ation constants of the complex between anti-N-dinitrophenyl (DNP) rat
monoclonal IgG2b antibody and charged ligands that contained a DNP group
by analyzing the change in the electrophoretic mobility of the antibody (Fig.
7) (30). Singly and multiply charged ligands were used to establish the
influence of the charge on the mobility of the complex between IgG and its
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Fig. 7 Mobility-shift assay for the determination of dissociation constant of the
complex between anti-DNP rat monoclonal IgG2b antibody and charged ligands that
contained the N-dinitrophenyl group. Mesityl oxide (MO) served as EOF marker,
bovine carbonic anhydrase (CAB) and bovine �-lactalbumin (LA) as internal ref-
erences. The DNP ligands with a charge of �1 (A) und �9 (B), respectively, were
used as additives to the running buffer. (Reprinted with permission from Ref. 30.
Copyright 1995 American Chemical Society.)

ligand(s). Zwitterionic buffer additives diminished the adsorption of the pro-
tein to the capillary wall. Bovine carbonic anhydrase (CAB) and bovine �-
lactalbumin (LA) were used as reference materials. The electropherograms
show that the more negatively charged ligand (Fig. 7B) yielded a stronger
migration shift of the antibody than the less negatively charged ligand (Fig.
7A). A formula was derived to analyze the binding data for polyvalent sys-
tems in which cooperativity between binding events is in question. Five
assumptions were used in this analysis: (1) The mobility of the fully com-
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plexed antibody can be estimated experimentally at high concentrations of
the ligand; (2) binding of the ligands to the protein affected the hydrody-
namic drag of the protein negligibly; (3) the values of kon and koff are suf-
ficiently large that the observed mobility is a concentration-weighted average
of the mobilities of all complexes containing Ig; (4) the proportionality con-
stants that relate electrophoretic mobility to mass and charge are equal in
magnitude; (5) the hydrodynamic drag is constant for Ig and its complexes.
The analysis indicates that the binding of two ligands to this IgG is non-
cooperative (independent).

Heegaard et al. used the migration-shift approach to characterize a
monoclonal antibody against DNA, which is of interest in the diagnosis of
the autoimmune disease systemic lupus erythematosus (31). The minimal
DNA size to bind to the antibody was identified as 16 bases. The interaction
with a double-stranded 32-mer oligonucleotide was almost an order of mag-
nitude stronger than with a single-stranded oligonucleotide. The dissociation
constant for the antibody binding of a single-stranded 32-mer oligonucleo-
tide was estimated as 0.62 �M at pH 7.9, which is in good agreement with
published data using biosensor technology.

D. Special Applications

Several successful attempts were done to transfer classical CEIA to a mi-
crochip-based format. This kind of miniaturization is a trend that can over-
come the limitations of CE in high-throughput systems. On-chip CE offers
both parallel analysis of samples and short separation times. Koutny et al.
showed the use of an immunoassay on-chip (32). In this competitive ap-
proach fluorescein-labeled cortisol was used to detect unlabeled cortisol
spiked to serum (Fig. 8). The system showed good reproducibility and ro-
bustness even in this problematic kind of sample matrix. Using serum cor-
tisol standards calibration and quantification is possible in a working range
of clinical interest. This example demonstrated that microchip electropho-
retic systems are analytical devices suitable for immunological assays that
can compete with common techniques.

Monoclonal antibody–binding affinity was determined by microchip-
based capillary electrophoresis with LIF detection (33). The mixing was
carried out off-chip, and the on-chip separations were performed in less than
60 s (Fig. 9). A Scatchard plot analysis resulted in an affinity constant for
the monoclonal anti-BSA antibody to fluorescently labeled BSA (BSA*) of
3.5 � 0.6 � 107 M�11 for a 1:1 stoichiometric ratio. Two affinity complexes
were separated. One complex was identified by the Scatchard method as
having a 1:1 stoichiometric ratio (complex 1). The other complex (complex
2) is proposed to have a stoichiometry with an excess of anti-BSA to BSA*,
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Fig. 8 On-chip immunoassay for the quantification of cortisol in serum samples.
Fluorescein-labeled cortisol (Ag*) was used in a competitive assay for the detection
of unlabeled analyte cortisol. Three replicate injections for each of three samples
with cortisol levels as indicated in the figure. Fluorescein was used as an internal
standard (I.S.). (Reprinted with permission from Ref. 32. Copyright 1996 American
Chemical Society.)

most likely (anti-BSA)2-BSA*. This was assumed on the basis of a faster
migration time than the 1:1 complex, a decrease in the amount of this com-
plex with increasing BSA* concentration, and predictions of theoretical
models for multivalent antigens. The more electropositive character of com-
plex 2 indicates it could be formed by two or more antibodies bound to a
single BSA*. Affinity constants as well as binding stoichiometries of non-
purified antibody preparations can be rapidly and easily determined, and
automation is possible.

In extension to classical immunologic approaches in CE the use for
more complex systems than the detection of proteinlike antigens is possible.
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Fig. 9 Series of electropherograms obtained on-chip from mixtures of 361 nM anti-
BSA antibody with different concentrations of labeled BSA (BSA*). The ratio of
total concentration of BSA* to total concentration of antibody (Ag/Ab) is given at
the top of each electropherogram. Two main complex peaks are identified. Essen-
tially no BSA* is seen in A, while BSA* dominates in F. (Reprinted with permission
from Ref. 33. Copyright 1998 Wiley-VCH.)

Okun et al. studied the binding of common cold virus to neutralizing anti-
bodies (34). Although viruses are large heterogeneous analytes, a separation
of free virus and virus–antibody complex was achieved (Fig. 10). Further-
more, information about the stoichiometry and the stability of the antibody–
virus complex for different viruses and antibodies was obtained. The fast
and material-saving CE method is a good alternative to other analysis meth-
ods, such as size exclusion chromatography and sucrose density gradient
sedimentation.

The ACE technique was also used to investigate the binding of viruses
to receptor fragments (35). The stoichiometry of virus–receptor binding was
determined using the changes of the virus mobility upon incubation with
increasing concentrations of receptor fragments. Depending on the different
receptor fragments, changes in the stoichiometry were observed. The data
on the interaction of viruses demonstrate the ability of ACE for the inves-
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Fig. 10 Formation of complexes between human rhinovirus HRV2 and neutralizing
monoclonal antibody mAb 8F5 analyzed by CE. A fixed concentration of HRV2 (15
nM) was incubated with an increasing concentration (indicated in the figure) of mAb
8F5 prior to the CE analysis at room temperature. O-phthalic acid was used as
internal standard (IS). (Reprinted with permission from Ref. 34. Copyright 2000
American Chemical Society.)

tigation of complex interaction systems without special requirements for
separation and detection.

Although CE-based immunoassays are advantageous due to their abil-
ity for high throughput combined with minute material consumption, they
suffer from higher detection limits than conventional assays. Wang et al.
demonstrated the use of sample preconcentration using protein A affinity
chromatography (36). The capillary affinity chromatography provided a limit
of detection of 80 pM for the detection of anti-BSA. In comparison to the
CE-based assay without preconcentration, the limit of detection was im-
proved a hundredfold.

The decision whether mobility-shift or equilibrium–mixture analysis
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is suitable for binding studies depends on the kinetics of the interaction. For
antigen–antibody binding, mostly tight binding equivalent to slow kinetics
can be assumed. However, both experimental setups were used to determine
the interaction of peptides derived from epitope of the HIV capsid protein
p24 and a antibody raised against p24 (37). Interaction of a set of peptides
with the commercially available monoclonal antibody were monitored with
both setups. The peptides were divided into two groups according to their
suitability for mobility-shift or equilibrium–mixture analysis. Using this ap-
proach, the peptides were grouped as weak or tight binders, respectively.
The correlation of the binding data with the peptide sequence yielded in-
formation about the minimal requirements for peptide binding to the
antibody.

IV. AFFINITY CAPILLARY ELECTROPHORESIS
INVESTIGATIONS OF PROTEINS INVOLVED
IN IMMUNOREACTIONS

In HIV research, ACE was used to detect interactions of HIV proteins with
possible target proteins of cells. Cellular proteins of T cells were identified
as being involved in the incorporation of HIV. The proteins mediated the
virus incorporation by binding the viral proteins. In combination with surface
plasmon resonance, ACE using equilibrium–mixture analysis was able to
detect the protein–protein interaction by changes in the mobility (38,39). In
further studies, some viral proteins share the same binding motif with inter-
feron type I. This was used to explain the regulatory effect on the prolifer-
ation of lymphocytes. The ACE method was used to demonstrate the binding
of interferon type I to the cellular receptor protein of the viral protein (40).

The HIV capsid protein p24 plays an important role in virus infectivity.
Its interaction with cyclophilins from host cells is a crucial event in viral
replication. For the determination of binding data of p24 to cyclophilins, sev-
eral methods, such as enzymatic assays, surface plasmon resonance, and iso-
thermal titration calorimetry, were used. Furthermore, ACE was applied to
this protein–protein interaction related to the immune system. In ACE, pro-
tein–protein interactions are often difficult to detect because of the influence
on the separation system. Hence, ACE is limited mostly to equilibrium–mix-
ture analysis and tight-binding systems, e.g., antigen–antibody interactions.
Interestingly, in the case of p24, equilibrium–mixture analysis was success-
fully applied to determine binding data on the interaction with a cyclophilin
fusion protein, although the dissociation constant was in the range of 10�5 M
(41). A dissociation constant of (20 � 1.5) � 10�6 M was determined using
the observed shift in the mobility of the cyclophilin fusion protein.
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Fig. 11 Separation of human cyclophilin 18 (1) and the corresponding complex
with the immunosuppressant cyclosporin A (2) by CE. A fixed concentration of
cyclophilin (6.1 �M) and increasing concentrations of cyclosporin (0 �M, A, 2 �M,
B, 4 �M, C, 7 �M CsA, D) dissolved in DMSO (3) were incubated prior to the CE
separation. (Reprinted with permission from Ref. 42. Copyright 1999 of Elsevier
Science.)

Different methods were mentioned earlier that detect the immunosup-
pressant CsA in body fluids. Another investigation explored the interaction
of CsA with its cellular receptor protein cyclophilin using ACE (42). Cy-
clophilin in complex with CsA mediates the immunosuppressive action of
CsA by inhibition of the phosphatase calcineurin. Therefore, the cyclo-
philin–CsA interaction is of special interest. Using equilibrium–mixture
analysis, ACE was applied to the investigation of cyclophilin interactions
with CsA and derivatives. A separation of free cyclophilin and the cyclo-
philin complexed with CsA was achieved (Fig. 11). This approach yielded
only relative comparison of the binding of the CsA derivatives because of
the discrepancy of the used concentration (10�6 M) and the dissociation
constant (10�9 M) known from other methods. However, the application of
electrophoretically mediated microanalysis to the investigation of binding
constants quantitative data on the cyclophilin-CsA binding was achieved.

Another drug whose immunosuppressive action is mediated by the
complexation with a cellular protein of the immunophilins is FK506. FK506
binds to proteins of the FKBP family. The complex formed is involved in
the inhibition of the phosphatase calcineurin, similar to the mode of action
of CsA after binding to cyclophilin. The ACE method was used to detect
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the interaction of FK506 with human FKBP12 (43). For detection, hyphen-
ation to mass spectrometry provided information on the molecular mass of
the detected peaks. A separation of FKBP and FKBP–FK506 complex was
achieved. The peaks were easily identified by the molecular masses detected
by MS.

V. CONCLUSIONS

The ACE investigations of Ag–Ab interactions focus on the measurement
of analyte concentrations rather than on the estimation of binding constants.
Although there are numerous impressive applications in very different areas,
the method is still in a developmental stage. A broader use of the technique
will depend how it compares to traditional ELISA, which is hampered
mainly by higher concentration detection limits and a lack of parallel op-
eration in commercial instruments. After realizing multicapillary operation
for capillary DNA sequencing in commercial equipment, a transfer of the
technology to CE instruments may be on the way. To overcome the problem
of the higher detection limits, preconcentration methods such as coupling to
affinity chromatography and working in CIEF mode were explored. Other
options are technical improvements such as light path extension by detection
cells in the bubble or Z-format and the use of labels excitable by diode
lasers, which prevent excitation background in biological fluids. One of the
main problems that especially hampers noncompetitive CEIA is the tendency
of proteins to seriously change the migration behavior of all sample analytes.
Besides the use of coated capillaries to diminish adsorption to the capillary
wall, the new approach employing nondenaturing SDS CGE may be helpful.
Furthermore, it should pointed out again here that because CEIA is based
on a high-performance separation method, it is advantageous for applications
using multiple analytes.

A further promising development is the implementation of CEIA on
microchip devices. In this case the excellent mass detection limit makes it
favorable, in contrast to classic ELISA. The use of whole cells and viruses
for CEIA applications is also an emerging field.

ABBREVIATIONS

Ab antibody
ACE affinity capillary electrophoresis
Ag antigen
BSA bovine serum albumin
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CAB bovine carbonic anhydrase
CE capillary electrophoresis
CEIA capillary electrophoresis-based immunoassay
CGE capillary gel electrophoresis
CIEF capillary isoelectric focusing
CsA cyclosporin A
DNP 2,4-dinitro-phenol
ELISA enzyme-linked immunosorbent assays
FITC fluorescein isothiocyanate
GFP green fluorescent protein
hGH human growth hormone
HIV human immunodeficiency virus
HSA human serum albumin
Kd dissociation constants
LA �-lactalbumin
LIF laser-induced fluorescence (detection)
MO mesityl oxide
UV ultraviolet
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I. HYPHENATION WITH MASS SPECTROMETRY:
LIQUID CHROMATOGRAPHY/MASS SPECTROMETRY

Interfacing of solution-based separation techniques with mass spectrometry
has historically been a challenge because of the incompatibility of the used
solvent with the vacuum system. Standard electron impact (EI) ionization
with techniques such as particle beam require samples to be vaporized under
high vacuum for ion formation to occur.

The first approaches to the coupling of liquid-phase separation tech-
niques with mass spectrometry were designed for HPLC needs, starting in
the 1970s with since-forgotten techniques such as direct liquid introduction
(DLI) and moving belt. In the 1980s, techniques such as thermospray, con-
tinuous-flow–fast atom bombardment (CF-FAB), and particle beam arose.

The real breakthrough in LC/MS development was achieved with the
broad introduction in the 1990s of atmospheric pressure ionization (API)
techniques, such as electrospray ionization (ESI) and atmospheric pressure
chemical ionization (APCI), which enable the analysis of a wide variety of
molecular species. The spectrum of available API techniques has been
amended meanwhile by the introduction of sonic spray ionization (SSI) and
atmospheric pressure photoionization (APPI).

While electron impact ionization is useful only with samples that can
be volatilized, large molecules such as proteins, which do not volatilize, can
be successfully analyzed by API techniques. Moreover, polar compounds
can be transferred to the MS without derivatization.
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Fig. 1 The macroscopic and microscopic ESI process. The enlarged inset shows
the droplet formation and subsequent Coulomb explosions.

Clearly the most important of these technologies is electrospray ioni-
zation (ESI; see Fig. 1). Although the pioneering work dates back to the late
1960s (1), the breakthrough was achieved after Fenn and coworkers (2,3)
demonstrated the potential of this new method for mass spectrometry. In-
dependently and at approximately the same time, a Russian group had sim-
ilar results (4). In this technique, the liquid from LC (or CE) flows through
a fused-silica capillary surrounded by a stainless steel capillary, the ESI
needle. (In other constructions, the fused-silica capillary is connected via
fittings to a stainless steel capillary serving as the ESI needle.) The phenom-
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enon can be likened to an electrical circuit in which the needle is one elec-
trode and the collector opening of the mass spectrometer is the other. The
ESI needle and the collector opening (orifice, heated capillary, sampling
cone, or similar constructions) are connected via a high-voltage power
supply, and the liquid flow as well as the electrospray itself are integral
parts of the circuit. Ions in solution migrate from the bulk to the surface
of the liquid under the influence of the high field strength near the tip of
the needle. Counterions are depleted from the surface of the liquid, leaving
a net charge.

Nebulizing gas (usually nitrogen) flows concentrically around the cap-
illary, which shears droplets off as the liquid flows out of the end of the
capillary. In the older literature, authors distinguish between ‘‘pure’’ elec-
trospray without nebulizing gas and pneumatically assisted electrospray or
ionspray. This is because of the mechanistic difference between the way the
primary droplets form. Since all commercially available instruments allow
the use of nebulizing gas, it is just a question of flow rate as to whether it
makes sense or not.

A high-voltage, typically between �3–5 kV, is applied to the ESI
needle. The strong electric field generated by this potential, combined with
the nebulizing gas, produces a fine spray of charged droplets exiting from
the end of the capillary. A typical spray geometry results, consisting of a
cone (the so-called Taylor cone) that ends in a jet region. Ions are separated
from the solvent by evaporation. As each droplet evaporates, the charges
within get closer and closer together until the droplet becomes unstable (by
reaching the Rayleigh limit). Eventually, the droplet explodes into ever-
smaller droplets (so-called Coulomb fissions). For the last step, the formation
of free gas-phase ions, two theories are currently discussed. The charged-
residue model, originally from Dole and later improved by Röllgen (5), is
based on the assumption, that very small droplets (diameter about 1 nm)
with only one ionized molecule finally result, which are evaporated. The ion
evaporation model (6) states that as the droplet size is reduced, sample ions
are emitted from the surface of the charged droplets. It seems that both
phenomena may occur, while the importance of each depends on the nature
of the sample ions and other circumstances. A detailed consideration on the
electrospray mechanism is given in Ref. 7.

Sample ions are generally formed by the gain or loss of a proton,
resulting in the pseudo-molecular ions [M � H]� and [M � H]�, respec-
tively. In some cases, however, sample molecules can interact with ions in
solution to create adduct ions. Therefore, the solution chemistry of the mo-
bile phase is very important. Most commonly seen are [M � Na]� in the
positive mode and, much less frequently, [M � Cl]� in the negative mode.

Solvents suitable for electrospray have to meet two important require-
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ments. On the one hand, they have to permit the formation of ions in so-
lution; on the other hand, they have to be easily nebulized and desolvated,
and the solvation energy should be minimal. Therefore, mixtures of alcohols
(methanol, ethanol, isopropanol) or acetonitrile with water have proved best.
Other solvents, such as THF, DMF, acetone, and chloroform, are tolerable
in smaller quantities.

Polar compounds of low molecular weight will generally form singly
charged ions by the loss or gain of a proton or by adduct formation. High-
mass biopolymers such as proteins and peptides pick up more than one
proton and become multiply charged ions. Since every mass spectrometer
analyzes ions according to their mass-to-charge ratio (m/z), each charge that
a high-molecular-mass compound picks up will decrease the apparent mass
at which that ion would appear.

Nanospray is a miniaturized version of electrospray. In the original
setup of Wilm and Mann (8) it is utilized as an off-line technique using
disposable, finely drawn (1-�m tip), metallized glass capillaries to infuse
samples at 10–30 nL/min flow rates. This allows more than 50 min analysis
time with just a 1-�L sample. Due to the formation of much smaller droplets
and the more effective ionization, there is often no need for LC separation,
since the ‘‘separation’’ is accomplished in m/z or by MS/MS. However, lim-
ited reproducibility with respect to quantification and a more complex sam-
ple preparation can be seen as drawbacks. An on-line version for hyphena-
tion with capillary and nano-LC as well as CE (slightly modified) is now
commercially available.

The ESI technique can considered a soft ionization technique, appli-
cable to heat-labile compounds, too. Normally, no fragmentation occurs, and
even noncovalent complexes can be evaporated without destruction. On the
other hand, this implies that the only structural information available is about
molecular weight. Therefore, the artificial fragmentation of molecules by
means of collision-induced decomposition or dissociation (CID) has grown
more and more important. All commercially available mass spectrometers
allow the application of an acceleration voltage in the source or transport
region (also referred to as octopole-region CID, cone voltage fragmentation
a.s.o.). Ions traveling through the transport region bump into other mole-
cules, mostly nitrogen. Increasing the CID voltage increases the speed at
which ions move. The faster the ions travel, the greater the energy transfer
upon impact with other molecules and the more fragment ions are produced.
The drawback of source CID is that it is not possible to judge from which
precursor (or parent) ion a certain product (or daughter) ion is produced.
Therefore it is more valuable to perform CID fragmentation after mass anal-
ysis and isolation of a certain precursor ion. Since in this case mass analysis
is carried out twice (before and after CID), this approach is referred to as
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tandem MS or MS/MS. To perform MS/MS experiments, two different mass
analyzer setups are possible. Tandem-in-space means that two separate mass
analyzers are set up in sequence, with a collision cell in between. This
principle is realized in triple quadrupole mass spectrometers as well as in
quadrupole time-of-flight hybrids (and in double-focusing magnetic-sector
instruments). Tandem-in-time means that all steps occur in the same space,
the ion trap, one after the other. This principle is realized in the very common
quadrupole ion traps as well as in the more sophisticated Fourier transform–
ion cyclotron resonance (FT-ICR) instruments, which can be considered
magnetic ion traps. Furthermore, ion traps allow multiple-stage MS experi-
ments (MSn), which may be useful for structural elucidation.

Atmospheric pressure chemical ionization (APCI) is the most common
alternative to ESI in LC/MS. Whereas the application of ESI is generally
recommended in the case of polar compounds, which may have a high mo-
lecular weight (up to 1 million Da), the problem-solving domain of APCI
is limited to compounds with an MW smaller than 1000 Da. However, less
polar compounds are accessible than with ESI.

The solution from LC (or CE, very rarely) is introduced via a deacti-
vated fused-silica capillary with nitrogen flowing concentrically around. As
in ESI, the gas literally shears droplets off as the liquid flows out of the end
of the capillary, creating a fine spray. In contrast to ESI, the capillary end
and the spray region are surrounded by a heater, which aids in desolvation,
resulting in a hot vapor. Ionization is achieved by the application of a high
voltage (again �3–5 kV) to a metal discharge needle, which lies close to
the end of the probe tip. The vaporized discharge produced by this high
voltage causes solvent molecules to elute into the source to be ionized into
a reactive gas plasma. A combination of collisions and charge transfer re-
actions within this reactive plasma results in the ionization of sample mol-
ecules. Therefore, the term ‘‘indirect’’ ionization would be more appropriate.
Although the conditions in APCI are somewhat harsher than in ESI, the
fragmentation is limited, making CID techniques necessary as well.

After 20 years of continuous and rapid development of LC/MS tech-
nology and applications, LC/MS has become a routine tool for industry,
government, and academic analysts to solve challenging problems. The key
to the growth and success of LC/MS is in the informing power, reliability,
affordability, and availability of commercial systems (9). The current de-
velopment in LC/MS is influenced by the input of numerous new users, new
fields of research, such as proteomics and combinatorial chemistry, and of
course the requirements of pharmaceutical and GLP regulations. In this light,
four major trends can be observed: firstly, a rapid growth of the whole field;
secondly, a diversification of techniques, especially designed for certain
needs; thirdly, improved quality of LC/MS information (better separation,
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new mass analyzers offering improved sensitivity, mass accuracy, and res-
olution); and fourthly, improved quantity (automated sample preparation,
faster separation, fast scanning mass analyzers, more than one LC coupled
to one MS).

II. GENERAL CONSIDERATIONS FOR CAPILLARY
ELECTROPHORESIS/MASS SPECTROMETRY

The CE/MS coupling was first reported by Smith and coworkers (10). In
principle, the problem of CE/MS coupling is similar to that of LC/MS. The
analyte is dissolved in a liquid mobile phase that is removed in the course
of the ionization process. Therefore, the same types of interfaces as known
from the historically older LC/MS should be available for CE/MS. The
smaller flow rates should be an advantage with respect to the vacuum system
of the MS. Unfortunately, it is not that simple.

The reason CE/MS is such a promising approach is that it represents
a combination of the high separation efficiency of CE with the sensitive,
highly specific, and principally universal MS detector.

The advantages of the CE/MS approach can be summarized as follows:

• High separation efficiency, significantly better than with LC
• High separation speed
• Flat and piston-like flow profile due to the EOF, causing only min-

imal zone broadening
• Low solvent consumption
• Minimal sample volume
• High mass sensitivity, significantly better than with LC
• Versatility of CE separation modes: zone electrophoresis (CZE),

micellar electrokinetic chromatography (MEKC), gel electropho-
resis (CGE), isotachophoresis (CITP), isoelectric focusing (CIEF),
capillary electrochromatography (CEC, a hybrid with HPLC), and
last but not least Affinity CE (ACE)

• Applicability to large biopolymer separations
• MS a more informative detector than conventional techniques such

as UV absorbance, electrochemical or laser-induced fluorescence
detection

• MS more universal than the techniques just mentioned
• Possible combination with MS/MS and/or MSn for structural elu-

cidation purposes
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The problems and challenging aspects of CE/MS can be summarized
as follows:

• Absence of a CE column exit buffer reservoir
• Need to achieve electrical continuity for both the CE and MS

systems
• Low liquid flows from CE (typically in the nL/min range)
• Low sample capacity of CE (typically in the low nL range) to avoid

overload
• High analyte concentration detection limits (typically 5–50 �M for

both UV and MS detection systems due to the low sample capacity
• Common CE buffers (e.g., phosphate, sulfate, borate, and other

inorganic, nonvolatile salts) not compatible with ESI
• MS-compatible, volatile buffers often resulting in a poor separation
• Different, often contradictory requirements of CE and ESI-MS for

solution composition:
Water, high ionic strength, and often detergents for CE
Alcohols, low conductivity, and low surface tension to enable ESI

• Need to use longer CE capillaries without cooling at the end part

A number of considerations concerning the instrumental setup of CE/
MS have to be addressed. In principle, any type of mass spectrometer can
be coupled with CE. However, some preferences are evident. Due to their
affordability and wide application, single-quadrupole mass spectrometers
have been used predominantly. Ion traps and triple quadrupoles have been
used successfully as well, offering more information because of their MS/
MS capability. Time-of-flight mass spectrometers are probably best suited
for CE/MS purposes. One of the advantages of these analyzers is their much
higher duty cycle compared to quads and traps. Since the high separation
efficiency and speed of CE lead to very narrow peaks, a fast-scanning MS
is required. The slogan ‘‘fast scanning for fast chromatography’’ applies to
GC-TOFs as well as to ESI-TOFs. (In the physical sense of the word, a
TOF is not scanning but integrating several masses at a certain time.) Of
course, Q-TOF hybrids and FT-ICRs are suitable as well.

Without doubt, electrospray is the method of choice in the case of CE/
MS hyphenation. The domain of ESI is polar compounds of a wide molec-
ular-weight range, such as the typical CE analytes. Molecules can be trans-
ferred directly from the separation capillary to the mass spectrometer via an
interface. This allows the detection of multiply chargeable species of high
molecular mass.

The APCI method has the potential drawback that it is designed for
higher flow rates (optimum between 0.2 and 1 mL/min). Micro-APCI ap-
proaches may reduce this problem (one so-called semimicro-APCI interface
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Fig. 2 CE/MS interfaces. (a) coaxial sheath liquid, (b) liquid junction, (c) sheath-
less, and (d) direct electrode. See text for further explanation. (Adapted from Ref.
14.)

is currently commercially available that is specified to work with flow rates
between 0.05 and 0.3 mL/min). Incompatibilities with CE buffers are det-
rimental, too. Other API techniques, such as sonic spray and APPI, are po-
tentially useful for CE/MS but have not yet found wide acceptance. There-
fore, CE/MS approaches relying on these novel techniques have not or very
rarely been reported. Particle beam EI is designed to ionize less polar, vol-
atile compounds. Therefore, and because it lacks sensitivity, it is not rec-
ommended for use in CE/MS.

Continuous-flow FAB was reported earlier but is of no practical im-
portance nowadays. Only few reports have been published dealing with (off-
line) coupling of CE to MALDI-MS. Recently, a new ionization approach,
coordination ion spray (CIS) MS, has been presented (11); in it, charged
coordination compounds are formed on-line.

A literature review for the last eight years reveals that the three to four
main principles of hyphenating CE with MS have remained the same, al-
though all of them show remarkable drawbacks (12–15). Still, the most
popular CE/MS approach by far is the coaxial sheath flow interface (see
Fig. 2a) as introduced by Smith and co-workers (16). Its simple construction
has helped to make CE/MS accessible to a broader analytical community.
Working with the standard equipment, it is obvious that the flow rates from
CE are mostly insufficient to provide stable electrospray conditions. For this
reason (and others explained in more detail in the following text), a makeup
liquid is added. The sheath liquid (or layered flow) is added via a concentric
stainless steel capillary surrounding the CE separation capillary. The sheath
liquid is mixed with the CE buffer at the tip of the capillary tubing, thus
providing electrical contact. Many problems arising from the incompatibility
of CE and MS requirements can be solved by the choice of an optimized
sheath liquid. In principle, the sheath flow should:

• Aid in nebulization and ion evaporation (by adding organics, such
as isopropanol)

• Adjust pH to form ions in solution (e.g., acetic acid for positive
ionization, triethylamine for negative ionization)

• Provide makeup flow to get stable electrospray conditions (2–5 �L/
min)

Several considerations for this layered flow approach have to be taken
into account. Concerning CE, the column diameter should not be too large.
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An interesting study by Tetler et al. indicates that reducing the dimensions
of the capillary results in better operation and sensitivity (17). Another paper
describes protein analysis at the attomole level using 5-�m-ID capillaries
(18). The electrolyte composition and pH should not be too detrimental.
Aspects such as pressure, temperature, and injection technique may have an
influence. Concerning the interface, the sheath flow should be optimized
with respect to composition, pH, and flow rate. Furthermore, the positions
of the fused-silica capillary as well as the API probe need to be carefully
optimized. The mixing volume at the tip of the capillary must be kept at a
minimum to avoid postcolumn band broadening caused by diffusion.

The unintended negative effects of high buffer-salt concentrations on
the efficiency of the electrospray can be significantly reduced by adding an
appropriate sheath liquid, thus usually improving the spray stability. How-
ever, since the sheath liquid acts as the terminal buffer reservoir, it must
contain an electrolyte in order to maintain an efficient electrophoretic sep-
aration. Therefore, any choice of sheath flow composition represents a com-
promise between separation efficiency and spray stability.

Another problem, the potential increase in background noise due to
the addition of solvents and modifiers from the sheath liquid (e.g., volatile
salts, acids, and bases), has been studied (19). Moreover, because of the
different composition of the initial CE buffer reservoir and the sheath liquid,
discontinuous and irreproducible conditions may result. These effects can
potentially change migration times or even the migration order of the an-
alytes (20).

Many authors claim that the dilution by the sheath flow would not
significantly affect the detection sensitivity, because it is completely evap-
orated in the spray process. Moreover, it has been discussed that in this
layered-flow approach, preferably the ‘‘inner layer’’ of the spray enters the
collector opening. If this were true, the composition of sheath liquid would
be less important. Anyhow, it has to be stated that there is a dilution problem
in the sheath-flow approach. In addition, it has been proven many times that
ESI is a concentration-sensitive, not mass-sensitive, process. Knowing this,
it makes sense to reduce the sheath liquid flow rate to the minimum required
for stable spray conditions.

This technique has the advantage of allowing the use of common CE
capillaries without modification, which is of high practical importance. (The
CE column exit may be tapered or pulled out to a fine tip in order to increase
the local field strength.)

Although the limitations to CE buffer composition may be relaxed due
to the possibility of postcolumn solution chemistry changes, a substitution
of nonvolatile buffers is still recommended to avoid decreasing the sensitiv-
ity and finally blocking of the MS collector opening. In an instructive study
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by Moseley et al. (21), several MS-compatible buffer systems were de-
scribed. The most useful buffer in peptide analysis was 0.01 M, pH 3.4
acetic acid, facilitating positive ionization. Other common buffer systems
that have proven useful are ammonium acetate, ammonium formiate, and
citric acid.

If nonvolatile buffers cannot be completely avoided, their concentra-
tion should be kept at a minimum. High flow rates (due to a strong EOF)
prevent rapid crystallization at the tip. Modern off-axis electrospray arrange-
ments (orthogonal or Z-spray) tend to be more tolerant to nonvolatiles than
classical on-axis interfaces.

The sheath-flow interface can meanwhile be considered a routine tool,
at least for qualitative determinations. Quantification is possible, with rela-
tive standard deviations between 5 and 10% typically achieved. Quantifi-
cation problems may result from the limited lifetime of the capillaries. Due
to high local field strengths near the tip, the so-called electrodrilling effect
commonly occurs. Modifications of the tip can improve the lifetime (22).

The liquid-junction interface (Fig. 2b) was developed by Henion and
co-workers (23). The idea is that a small gap of 10–20 �m filled with CE
buffer connects the end of the CE capillary with a specially designed ESI
needle emitter. The advantage that can be expected from this setup is that
the CE separation and the electrospray process are decoupled, at least par-
tially. This electrical and physical disconnection allows choosing of the
sheath liquid more freely. A disadvantage lies in the peak broadening effects
and thereby a loss of separation efficiency. Probably the greatest problem is
the difficult construction of the junction. Furthermore, gas bubbles may oc-
cur due to oxygen formation (water oxidation). Therefore, its use was re-
ported very rarely later on. Recently, Waterval et al. (24) have examined
several sheathless liquid-junction interfaces in depth. They compared differ-
ent tapered and pulled tip designs. The one they found most promising
consisted of a CE capillary coupled to the spray tip inside a silicon rubber,
with a gold wire enabling electrical contact directly into the gap.

The sheathless interface (Fig. 2c) is known since the first CE/MS at-
tempt by Olivares et al. (10). In this system the CE capillary was sleeved
in a metal tube, whereas in modern sheathless interfaces the capillary exit
is carefully sharpened or pulled to a fine point (14). The outer surface of
the capillary tip is coated with metal, usually gold, which is readily acces-
sible for electrical contact. This setup enables the maintenance of both elec-
trical circuits from CE and ESI as well. The advantage of the sheathless
approach over the coaxial sheath flow interface is that the eluting CE zone
is not diluted by makeup flow and therefore the obtainable sensitivity can
be quite high, especially when small-ID capillaries (e.g., 10 �m) are used.
Detection limits in the low fmol range have been demonstrated (13). A
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sheath gas such as SF6 is often used to prevent a corona discharge due to
the high local field strength at the tip. This gas serves only as a free-electron
scavenger and does not affect the electrospray process.

One technical problem is the instability of the gold coating, causing
short lifetimes of the capillaries. Gold is continuously removed from the
surface both physically and electrically. To improve the stability, several
efforts have been undertaken. First plating the tip with Ni or Ni/Cr alloy
before gold coating is helpful. With Cr/Au-coated fused-silica emitters, life-
times longer than 100 h have been reported (25). Marking the tip with a
soft pencil in order to deposit graphite may also help (26).

The sensitivity of CE/ESI-MS has proven significantly better if the
sheathless interface is coupled to a micro- or nanoelectrospray source de-
signed for low flow rates.

Another sheathless approach is the direct electrode interface (Fig. 2d)
presented by Fang et al. (27) and Cao and Moini (28), respectively. In this
elegant solution, a gold (or platinum) wire is carefully placed just inside the
capillary exit or directly inserted through the capillary side wall and secured
with epoxy.

All sheathless approaches have the drawback that the CE buffer has
to be compatible with ESI, which means that volatile buffers with low sur-
face tension and low conductivity have to be used.

Comparative studies indicate that a sheathless configuration offers im-
proved sensitivity over sheath flow interfaces. However, this implies the
need to use specialized, home-built CE capillaries and electrospray hard-
ware. Therefore, it has not yet been as popular as the easily accessible sheath
liquid system.

Several general implications of CE/MS hyphenation have to be taken
into consideration. As discussed, both electrical circuits of CE and ESI have
to be maintained. This goal is best accomplished if the CE capillary exit is
kept at ground potential, as normally done in CE. This is nontrivial and
places severe demands on the MS entrance configuration. These aspects are
discussed in more detail in Ref. 14.

Microfabricated devices have been introduced that are capable of per-
forming CE on a chip. This development is stimulated by the need for high-
throughput analysis with extremely small sample amounts. In Ref. 29 a
microdevice is described that is constructed by wet chemical etching of a
glass plate. It contains a centrally placed separation channel of length 4.5–
11 cm. The microdevice is coupled to an electrospray tip via a liquid junc-
tion. The connection of the exit port of the chip to the electrospray is crucial
and needs further improvement. Subatmospheric pressure at the ESI inter-
face seems to be useful. More references and details regarding this exciting
new field can be found in Ref. 15.
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III. SPECIAL CONSIDERATIONS FOR AFFINITY CAPILLARY
ELECTROPHORESIS/ELECTROSPRAY
IONIZATION–MASS SPECTROMETRY

The ACE/ESI-MS technique is certainly the most promising approach to
overcoming the limitations of ACE concerning structural identification and
characterization as well as detector sensitivity. Of course, the problems dis-
cussed for CE/MS hyphenation do apply for ACE/MS in the same way. In
principle, there are no special considerations to be made for CE/ESI-MS
regarding the separation mode. From this point of view, ACE is only a
specialized version of the common CZE approach. The composition of the
CE buffer plays a decisive role with respect to solution chemistry, which is
crucial for electrospray and, therefore, for sensitivity. The more detrimental
the additives that are required for separation, the more challenging the MS
coupling will be. A technique such as MEKC, which uses large amounts of
surfactants, will certainly cause problems in CE/ESI-MS. In fact, to circum-
vent these problems, the application of the partial-filling technique, as de-
scribed by Koezuka et al. (30), is strongly recommended. Partial-filling ap-
proaches have also been presented for chiral separations using cyclodextrins
(31,32) and for ACE (33) (in order to use small ligand amounts or to prevent
UV disturbances), as well as for chiral CE/MS (to avoid contamination of
the MS) (34,35). The latter article deals with the chiral separation of local
anaesthetics. By means of the partial-filling technique it was possible to
prevent the introduction of the nonvolatile chiral selector methyl-�-cyclo-
dextrin into the mass spectrometer. Therefore, a polyacrylamide-coated cap-
illary was partially filled with buffer containing cyclodextrin, prior to sample
injection. While the positively charged enantiomers migrate through the neu-
tral pseudostationary phase of the chiral selector, separation is achieved.

Most analytes investigated in ACE, such as proteins, peptides, oligo-
nucleotides, and drugs, can be analyzed in ESI-MS with fairly good to pretty
good responses. Only surfactants may cause problems, as discussed earlier.

General CE problems (e.g., wall interactions of proteins) have been
discussed elsewhere. All ACE techniques working with a ligand added to
CE buffer (classical ACE, Hummel–Dreyer principle, vacancy peak analy-
sis) imply the potential problem that any continuously infused matrix can
increase background noise and, even worse, deteriorate the ionization of the
analyte due to competition.

Since ACE is based mostly on the calculation of migration-time shifts
of analytes upon addition of an interaction partner, migration-time repro-
ducibility is extremely important. If the calculation is based on mobilities,
this problem is certainly reduced. However, stable buffer electrolyte condi-
tions are mandatory, which may be critical in sheath flow setups.
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The most important advantage of ACE/MS compared to ACE with UV
detection is clearly the more specific mode of detection, thus facilitating
peak assignment. Additional structural information is available using MS/
MS and MSn, respectively.

Another promising aspect of on-line ACE/ESI-MS is the finding that
binding interactions may survive the ionization process due to its soft nature
(36).

IV. APPLICATIONS OF AFFINITY CAPILLARY
ELECTROPHORESIS/ELECTROSPRAY
IONIZATION–MASS SPECTROMETRY

Although it can be considered one of the most promising future directions
in ACE (37), relatively few papers describe the on-line coupling of ACE
with MS. The preferred field of application to date is the characterization of
peptide libraries in combinatorial chemistry. The pioneering work in this
area comes from Chu et al. (38,39), clearly demonstrating the impressive
potential of this new technique. In a solution-based approach, combinatorial
libraries are screened for drug leads (see Fig. 3). It is possible to do on-line,
one-step selection and structural identification of candidate ligands. As
pointed out in the full paper (39), ACE was based on the binding of van-
comycin to libraries of all-D-tri- and tetrapeptides as a model system. These
peptide libraries consisted of different forms of Fmoc-DDXX and Fmoc-
EXX, with up to 361 compounds, thus successfully determining the inter-
acting structural motifs. The conditions used in ACE/MS were: buffer 20
mM Tris-acetate, pH 8.0, 70 �M vancomycin, 15-kV separation voltage; the
capillary was a 400-mm-long 50-�m-ID PVA-coated capillary. A 5 mM Tris
acetate solution, pH 8.1, in MeOH/water 75:25 was used as sheath liquid at
1.5 �L/min. From the MS point of view it is worth noting that under these
conditions, [M � Tris � H]� adduct ions predominantly occurred. Since the
authors used a triple-quadrupole MS, they were able to obtain tandem mass
spectra. Furthermore, another 1000-peptide library was screened directly by
ACE/MS. The authors have also found that incorporating an affinity solid-
phase extraction step prior to ACE/MS is an effective sample preparation,
which is helpful, particularly in case of large libraries. It was possible both
to remove a large number of noninteracting species as well as to precon-
centrate sample components, which facilitates a subsequent sequence deter-
mination by on-line MS/MS.

In another paper from the same group (40), a new solution-based ap-
proach for linear epitope mapping based on ACE/MS is demonstrated using
beta-endorphin as a model substance. The procedure can briefly be described
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Fig. 3 ACE/MS of a synthetic all-D, Fmoc-DDXX library of 100 tetrapeptides
using vancomycin as the receptor. (A–D) Selected ion electropherograms for the
masses indicated; (E) reconstructed ion electropherograms for runs without (left) and
with (right) vancomycin in the electrophoresis buffer. See text for conditions and
further explanations. (Reprinted with permission from Ref. 38. Copyright 1995
American Chemical Society.)
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as follows: First, tryptic peptides are separated in a neutral coated capillary,
as monitored by UV and MS detection. Then the injection of the tryptic
digest (4.6 pmol/�L) is followed by the injection of anti-beta-endorphin
antibody (4.7 pmol/�L). A peptide that binds to this antibody will disappear,
because it is captured (see Fig. 4). This step can be considered subtraction
screening. The applied ACE/MS conditions in this study were: buffer 50
mM �-aminocaproic acid/acetic acid, pH 5.1, 20-kV separation voltage, 350-
mm-long 50-�m-ID PVA-coated capillary, negative ESI mode. For mea-
surements in positive ESI mode, the Tris buffer as in Ref. 39 was used.
Thereafter, the immunoreactive peptide is individually synthesized or iso-
lated and its binding examined using ACE/MS to confirm that the epitope
resides on this peptide. Afterwards, a series of truncated peptides helps to
identify the precise necessary structure of the epitope. The authors show that
only low femtomole amounts of antibody and peptide digest are consumed
per run. Furthermore, it is emphasized that the method is rapid and easily
automated.

In a fourth article by this group (41), the binding of a tetrapeptide
library to vancomycin was again a matter of investigation. In this work the
emphasis was on the simultaneous determination of binding constants for
19 peptides of the type Fmoc-DXYA. It was also shown that the results
obtained using ACE/MS are correlate well with data from UV detection
experiments. Whereas only one Kd value is accessible in an ACE-UV run,
ACE/MS enables multiple Kd determinations. The operating conditions were
the same as in Ref. 39, except from the use of uncoated capillaries. (For
more experimental details refer to the cited literature.)

In Ref. 42 a similar approach was chosen as in Ref. 39 using stereo-
isomers of the type Fmoc-L-Asp-L-Asp-D-Xaa-D-Xaa (Xaa = Gly, Ala, Phe,
His, Ser, Tyr). Interestingly, in part the findings are different. The ACE/MS
hyphenation caused a number of practical problems affecting the reliability
of the system. Surprisingly, the authors faced problems with positive ESI
and were forced to use negative ionization. Because of the use of the non-
volatile Tris buffer, crystallization problems occurred frequently. Only high-
EOF conditions prevented this knockout scenario. However, the description
of problems and related solutions is very instructive.

Schwarz et al. used ESI-MS detection to characterize the composition
of binary (bile salt/phosphatidylcholine) and ternary (bile salt/phophatidyl-
choline/fatty acid) mixed micelles that were used in micellar affinity capil-
lary electrophoresis (43,44). The detrimental effects of the surfactants turned
out to be tolerable for short-time qualitative determinations.

A number of CE/MS applications have been published in the field of
chiral separations, mostly using cyclodextrins as chiral selectors. In some
cases the partial-filling technique was used (see earlier). The importance of
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Fig. 4 Epitope mapping by ACE/MS in the positive ESI mode. (A) Tryptic digest, 4.6 pmol/�L, 10-s pressure injection; (B)
tryptic digest, 10-s injection followed by 25-s injection of antibody (4.7 pmol/�L). Selected ion electropherograms for the m/z
indicated and the total ion electropherograms, respectively. It is obvious that peptide 1 (Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys)
is captured by the antibody. See text for further explanation. (Reprinted with permission from Ref. 40. Copyright 1997 American
Chemical Society.)
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enantiomeric separations is growing, particularly for pharmaceutical pur-
poses. Although this technique is closely related to ACE, it cannot be dis-
cussed here in detail.

A technique called on-line immunoaffinity CE has been presented (45)
that was also coupled to MS. However, in this setup the affinity principle is
used to extract the analyte from a complex matrix in a microchamber affinity
device prior to CE separation. Therefore, it cannot be considered ACE.

V. CONCLUSIONS

The small number of papers dealing with on-line ACE/MS and the fact that
these were all published from 1995 on indicate that this is a newly emerging
topic. Probably the main reason is that the problems of interfacing CE itself
with MS have prevented the technique from routine use to date. Driven by
the need for high-performance analytical methods, however, CE/MS will
gain maturity, and new applications can be expected in the near future. We
are now in the phase of ‘‘early adoptors,’’ right after the innovators of CE/
MS and ACE solved the most urgent problems. The field of combinatorial
library screening is especially destined for this two-dimensional approach.

Every analyst who has access to CE equipment and ESI-MS may take
this new alternative into consideration when appropriate. When is it appro-
priate? If an analytical problem can be solved using affinity capillary elec-
trophoresis and a more universal and specific detection or structural infor-
mation is required than is accessible with the help of conventional UV diode
array detectors, consider ACE/MS.
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14
Conclusions

Reinhard H. H. Neubert and Hans-Hermann Rüttinger
Martin-Luther-University Halle-Wittenberg, Halle, Germany

The introduction of narrow-bore capillaries into electrophoresis started a
tremendous evolution of analytical power as well as speed and reliability of
electrophoretic methods. Besides an impressive diversification of analytical
procedures, it became evident in recent years that capillary electrophoresis
provides very suitable methods for the characterization and quantification of
molecular interactions.

We have shown in this book a wide field of interactions, ranging from
the molecular level of small drug molecules, biological macromolecules such
as polysaccharides, proteins, and DNA to supermolecular aggregates such
as micelles, microemulsion droplets, organelles, viruses and cells. All these
interactions change the electrophoretic mobility of one or more components
of the equilibrium mixture, and thus the migration data contain information
on the affinity of drugs to their target or transporters only to give a phar-
maceutically relevant example.

The theoretical basis of electrophoresis and the physicochemical back-
ground of interaction phenomena are well established and provide the math-
ematical methods to calculate affinity constants and to relate them to the
results of the alternative methods in affinity chemistry.

The advantages of ACE over other relevant methods are:

ACE is extremely time and substance saving.
The method is highly repeatable.
The equipment is easy to handle.
Based on an extended theory, there are effective methods described for

explaining and quantifying the results.
Equipment is commercially available.
Convenient software is readily available.
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It must be kept in mind, however, that CE data resemble a macroscopic
effect of complexation and, like ultrafiltration or size exclusion chromatog-
raphy CE, do not give information on specific binding sites. Despite the
existence of a well-established theoretical basis, it is not possible to get
reliable complexation constants, for practical reasons, if too many complex-
ation processes are involved at the same time. Often the combination with
spectroscopic investigations, especially with NMR and fluorimetry, may pro-
vide more details.

Fascinating possibilities are opened by combining ACE with different
mass spectrometry (MS) methods in order to overcome the main disadvan-
tage of classical CE and UV detection: the lack of sensitivity. The hyphen-
ated methods are very sensitive and allow us to characterize interactions of
very small quantities of molecular entities.

One drawback of capillary electrophoresis is the state of the capillary
wall. Often, constituents of the buffer or analyte are absorbed on the sur-
face, causing not only an irreproducible shift of EOF, but even the possi-
bility of questionable binding isotherms. A lot of effort has gone into over-
coming this problem. Capillaries with coated inner walls are now
commercially available; and capillary electrophoresis on chips of different
materials is also under development now. Not only do these chips represent
a miniaturized form of capillary electrophoresis, but this technique also
enables the incorporation of such sample preparation steps as preconcen-
tration and even PCR and immobilization of immunoreagents. It is not
difficult to anticipate a very exciting development in this field, one with a
high commercial impact.

We hope that the applications in Parts II and III give a clear idea of
the implications that CE methods have already had on progress in the phar-
maceutical and life sciences.

The following can be concluded:

The application of electrophoretic methods such as affinity capillary
electrophoresis in pharmaceutics and biopharmaceutics is not only
focused on the use of analytical assays but also on the very inter-
esting fields covered in this book.

Affinity capillary electrophoresis can be a very helpful tool in two of
the most fascinating fields of pharmaceutics and biopharmaceutics:
controlled drug delivery and drug targeting.

The combination of ACE with mass spectrometry (hyphenation meth-
ods) will increase significantly its applicability in pharmaceutics and
biopharmaceutics.

Due to its advantages, therefore, the use of ACE in pharmaceutics and
biopharmaceutics will be substantially extended in the future.
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The book shows clearly that ACE is a very powerful tool for the:

Characterization of physicochemical and thermodynamic properties of
drugs and pharmaceutical vehicle systems.

Characterization and optimization of the affinity of drugs to pharma-
ceutical vehicle systems.

Studies of interactions of drugs and pharmaceutical vehicle systems
with biological structures and biomolecules such as proteins and
nucleic acids. Furthermore, it is possible to evaluate interaction be-
tween biomolecules, e.g., interactions between protein or between
proteins and nucleic acids.
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