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A B S T R A C T

Affinity capillary electrophoresis (ACE) analyzes noncovalent interactions between ligands and analytes based
on changes in their electrophoretic mobility. This technique has been widely used to investigate various bio-
molecules, mainly proteins, polysaccharides and hormones. ACE is becoming a technique of choice to validate
high throughput screening results, since it is very predictively working in realistic and relevant media, e.g. in
body fluids. It is highly recommended to incorporate ACE as a powerful analytical tool to properly prepare
animal testing and preclinical studies. The interacting molecules can be found free in solution or can be im-
mobilized to a solid support. Thus, ACE is classified in two modes, free solution ACE and immobilized ACE. Every
ACE mode has advantages and disadvantages. Each can be used for a variety of applications.

This review covers literature of scopus and SciFinder data base in the period from 2016 until beginning 2018,
including the keywords “affinity capillary electrophoresis”, “immunoaffinity capillary electrophoresis”, “im-
munoassay capillary electrophoresis” and “immunosorbent capillary electrophoresis”. More than 200 articles
have been found and 112 have been selected and thoroughly discussed. During this period, the data processing
and the underlying calculations in mobility shift ACE (ms ACE), frontal analysis ACE (FA ACE) and plug-plug
kinetic capillary electrophoresis (ppKCE) as mostly applied free solution techniques have substantially im-
proved. The range of applications in diverse free solution and immobilized ACE techniques has been con-
siderably broadened.

1. Introduction

Biological interactions between proteins like receptors, enzymes or
plasma proteins with other body compounds such as carbohydrates and
nucleic acids are crucial for regulation physiological functions. The

pathophysiology of various diseases, including cancer, often involves
dysregulation of these. Biomolecules, like proteins, interact with
pharmaceuticals and may influence them and their pharmaceutical ef-
fects. Describing and analyzing such complex interactions using specific
and precise methods is vital for drug development, drug monitoring and
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for diagnostic purposes. Next to affinity chromatography and electro-
phoresis, surface plasmon resonance (SPR), circular dichroism (CD),
ultraviolet spectrophotometry (UV), fluorescence, Fourier transform
infrared spectroscopy (FTIR), nuclear magnetic resonance spectroscopy
(NMR), mass spectrometry (MS), equilibrium dialysis (ED), as well as,
parallel artificial membrane permeability assay (PAMPA) and iso-
thermal titration calorimetry (ITC) play an important role in studying
biological interactions [1].

Chromatographic and electrophoretic techniques require minimal
sample preparation. They are able to isolate an analyte from a liquid
and to detect it through hyphenation with different detectors, like diode
array detector (DAD), laser-induced fluorescence detector (LIF), mass
spectrometer (MS) and contactless electric conductivity detector (C4D).
In conventional chromatographic methods, the separation occurs by
nonspecific interactions between the analytes and the stationary phase.
With electrophoretic methods, the analytes are separated based on
differences in their electrophoretic mobilities. Further enhancements of
these techniques include affinity chromatography and affinity electro-
phoresis, which achieve highly specific separation through the use of
specific ligands, such as metal ions, proteins, lectins, aptamers or se-
lective antibodies. An analyte’s mobility is influenced by specific in-
teractions between the analyte and a ligand. It is possible to isolate and
to detect an analyte from complex biological samples, such as blood.
With high-performance affinity chromatography (HPAC), the ligand
must be immobilized in the stationary phase. In contrast, affinity ca-
pillary electrophoresis (ACE) allows for analysis in both the free solu-
tion and the immobilized mode.

ACE is a variation of capillary electrophoresis (CE) first reported in
early nineties [2], which is increasingly used among modern analytical
separation methods. The separation in ACE is based on modification the
charge-to-size ratio through the associated reaction of an analyte with a
specific ligand. By successively increasing the amount of ligand, the
analyte’s mobility gets shifted to the mobility of the formed complex.
The usage of a specific interacting ligand specifically influences the
mobility of the analyte and allows for separation of the analyte-ligand-
complex from mixtures such as bodily fluids. ACE can be used both in
free solution and immobilized modes [3]. With the free solution mode,
analyte and ligand are dissolved in the buffer. Sections two to five of
this review describe different free solution ACE methods, while some of
their applications are described in section seven. With immobilized
ACE, the ligand (selector) is fixed on the capillary wall or a certain solid
surface and the analyte is solved in the sample solution [3,4]. This type
is also called electrokinetic affinity chromatography [1]. Immobilized
ACE techniques have disadvantages compared to free solution ACEs.
Immobilization of the ligand on a solid surface influences its molecular
structure and its binding affinity to the analyte, which could impair its
separation efficiency [5]. Information about immobilized ACE techni-
ques and their microchip form are presented in sections six and seven,
with examples of recent applications.

Using ACE, the kinetic of both the association and the dissociation
reaction between an analyte and a ligand can be determined [6]. This
allows for measurement of the magnitude of interactions between small
molecules and proteins [6,7], metals and proteins [6,8–11], proteins
with each other [12], receptors with ligands [13,14], antibodies with
antigens [15–17], as well aptamers [18–26] as lectins interactions [27].
Furthermore, ACE techniques could be used in clinical applications for
isolation and detection of biomarkers. A miniaturization of this analy-
tical method on a microchip reduces the required sample volume [28].
Microchip technique (MC) can potentially be used as point-of-care
(POC) instrument for personalized medicine [4].

This review focuses on the latest developments in the use of ACE for
studying biological interactions. Various ACE techniques will be dis-
cussed, including a juxtaposition of the advantages and disadvantages,
their data processing characteristics, the benefits of combination with
computational chemistry, as well as practical and laboratory applica-
tions.

This review covers literature identified through Scopus and the
SciFinder database in the period from 2016 until early 2018. Inclusion
criteria were the following keywords “affinity capillary electrophoresis”
belonging (126 hits), “immunoaffinity capillary electrophoresis” (10
hits, covering 2015), “immunoassay capillary electrophoresis” (63 hits)
and “immunosorbent capillary electrophoresis” (35 hits). Searching for
both keywords of “immunoassay capillary electrophoresis” and “im-
munosorbent capillary electrophoresis” revealed many inconsequential
hits, as, in some studies, immunoassay was performed without using a
CE method, while, in others, capillary electrophoresis was used for
purification purpose. In addition, double hits were found within the
mentioned search terms of “immunoaffinity capillary electrophoresis”,
“immunoassay capillary electrophoresis” and “immunosorbent capil-
lary electrophoresis”.

All studies pertaining to “affinity capillary electrophoresis” and
“immunoaffinity capillary electrophoresis” as well as a selection of
studies belonging to the other terms were considered in this review.

The 126 reviewed articles matched with the keyword “affinity ca-
pillary electrophoresis” used the free solution ACE method. The 19
studies reviewed under the terms of “immunoaffinity capillary elec-
trophoresis”, “immunoassay capillary electrophoresis” and “im-
munosorbent capillary electrophoresis” were based on immobilized
ACE methods. This reflects the dominance of free solution methods in
ACE techniques, but also the tendency for using immobilized ACE
methods, when utilizing immunoaffinity ACE (IACE). This tendency
shows the increasing interest of using immobilized IACE as diagnostic
tools for determination of biomarkers for various diseases.

2. Different free solution affinity capillary electrophoresis (ACE)
methods and their main advantages and drawbacks

In most of the previous articles about free solution, several popular
approaches for affinity capillary electrophoresis mentioned such as
mobility shift affinity capillary electrophoresis (often referred simply as
affinity capillary electrophoresis (ACE, ms ACE)), Hummel–Dreyer
method (HD ACE), vacancy peak method (VP ACE), vacancy affinity
capillary electrophoresis (VACE), capillary electrophoresis in frontal
analysis mode (CE/FA, FA ACE or FACE), continuous capillary elec-
trophoresis frontal analysis (FACCE, nowadays called continuous non-
equilibrated capillary electrophoresis of equilibrium mixtures
(cNECEEM)) and special capillary zone electrophoresis methods for
slowly interacting binding partners [29]. Another, more detailed article
contains a longer list, including methods for more sophisticated appli-
cations [30]. In addition to the above mentioned approaches, this ar-
ticle described non-equilibrium capillary electrophoresis of equilibrium
mixtures (NECEEM), equilibrium capillary electrophoresis of equili-
brated mixtures (ECEEM), competitive affinity capillary electrophoresis
(CACE), sweeping capillary electrophoresis (sweepCE), macroscopic
approach to studying kinetics at equilibrium (MASKE), short sweep
capillary electrophoresis (sSweepCE) and short sweep capillary elec-
trophoresis of equilibrium mixtures (sSweepCEEM) [30]. Furthermore,
there is a good working alternative to the classic ms ACE method,
where just a part of the capillary is filled with the ligand-containing
background electrolyte. This modification of the classical ms ACE
method is called plug-plug kinetic capillary electrophoresis (ppKCE)
(synonym term: partial-filling affinity capillary electrophoresis (PF
ACE)) [3,31]. Reference [30] presents a comprehensive overview of all
existing free solution affinity capillary electrophoresis methods. An-
sorge et al. introduce the ppKCE in a very detailed manner, including a
comparison with the classic ms ACE method [31].

Due to the general high complexity of ligand binding assays, all the
methods discussed have specific benefits. The decision of which tech-
nique and method is best suited for a particular system is not an easy
one [32]. For this reason, it is always better to have a larger pool of
methods. For some of the ACE approaches, synonym terms are used in
the literature. The authors recommend the use of the terms defined in
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