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ARTICLE INFO ABSTRACT
Article history: The developments in capillary isoelectric focusing (cIEF) over the period 2003-2007 are reviewed. With
Available online 27 May 2008 the focus on technological aspects, cIEF papers published in the fields of methodology, new techniques,
detection, multidimensional systems, miniaturization and applications are summarized. The methodol-
Keywords: ogy section covers recent research in ampholytes composition, detergents and other additives, carrier
Eap?llafy isoelectric focusing ampbholyte free cIEF, coatings and other capillary modifications. In the section on new systems adjust-
eview

ments to the technique (e.g. dynamic IEF), different applications of cIEF (e.g. as injection system) and new

Detection . . R . . :
Applications dev1ce§ are reporteq. Systems focusing on whole collumn imaging, ﬂuor.escence and (.:hermlurnmfescence
Methodology detection and coupling to mass spectrometers are discussed in the section on detection. Interfacing cIEF
Microfluidic devices with MS via RPLC systems and hyphenation of cIEF with capillary electrochromatography and other capil-
Multidimensional platforms lary electrophoresis modes are also summarized. Papers focusing on miniaturization are reviewed in the
Recent developments section on microfluidic devices. The section on applications will show analysis of biopharmaceutical com-
pounds and isolated proteins for metabolomic studies. For the analysis of complex biological matrices,

generally multidimensional systems are needed, which are mentioned throughout this review.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The moment of conception for isoelectric focusing (IEF) was
in the early sixties, when Vesterberg, under the supervision of
Svensson, found a procedure to synthesize a wide range of carrier
ampholytes [1-6]. With several ups and downs, IEF developed into
a more preparative technique. Labour started in the early seventies
with the first descendant: the polyacrylamide gel-based IEF (gIEF).
Still, it took nearly 15 years before a second sibling saw daylight.
The capillary format of isoelectric focusing (cIEF) was born around
1985 when Hjertén and Zhu decided to “adapt the equipment for
high-performance electrophoresis to isoelectric focusing” [7]. And
while gIEF in combination with mass spectrometry (MS) developed
into one of the principal techniques used for protein analysis and
later on in proteomics, clEF has always lived in the shadow, but is
now gradually coming of age. In the early days the focus was on
figuring out the principles and solving the childhood diseases and
shifted via new methodologies and one-dimensional applications
to integration in multidimensional platforms and miniaturized sys-
tems. The majority of problems in cIEF has been overcome and
the (bio)analytical world is now seeing the benefits of cIEF for
protein analysis: high resolution, speed, concentrating factor and
the possibility of integration in automated (miniaturized) multi-
dimensional platforms. Next to its utilization for the analysis of
pharmaceutical proteins, the emerging ‘proteomics’ platform as an
application field has contributed to the popularity of cIEF as well.
This gradual shift is also observed in the time-line of publications.
In cIEF-specific reviews the focus has shifted from the principles of
cIEF via technological aspects towards proteomic and biopharma-
ceutical applications [8-19]. The last review dedicated to cIEF was
published by Kilar [16] in 2003, but a number of cIEF papers from
2003 on has also been discussed in other reviews on various sub-
jects like capillary electrophoresis (CE) in general [20-23], the role
of CE in proteomics [24-36] and peptidomics [29,30,37-39], CE-MS
coupling [25,29,31,32,34] and papers on specific clinical applica-
tions like hemoglobin [40], transferrin [41] or somatropin analysis
[42].

Gel IEF and chromatofocusing are beyond the scope of this
review, as well as two fairly new non-capillary (non)-gel iso-
electric focusing techniques, i.e. free flow IEF (FFIEF) and off-gel
electrophoresis (OGE). This review focuses on papers published
in the last 4 years (2003-2007) dealing with the capillary for-
mat of isoelectric focusing and will mainly discuss technological
aspects: methodology, new techniques, detection systems, multi-
dimensional platforms, miniaturization and applications.

2. Methodology
2.1. Carrier ampholytes
Although in the past much attention has been paid to the con-

ductivity and buffering power of carrier ampholytes (CAs), the
group of Righetti recently investigated various properties of differ-

ent narrow-cut CA blends in a series of papers in Electrophoresis
[43-48], including an overview [48]. Narrow-cut (2-3 pH units) CA
blends of the four major brands (Pharmalytes, Servalyte, Ampholine
and Bio-Lyte) were fractionated into 20 fractions with the Rotofor
[49] and injected onto a capillary zone electrophoresis-electrospray
ionization-ion-trap-MS (CZE-ESI-ion-trap MS) system. Linearity
(pH of the fractions), mass distribution, polydispersity and focusing
properties were investigated. Their findings were as much surpris-
ing as they were clarifying. In the acidic range (up to pH 7) all
blends contained high numbers of amphoteric compounds with
good focusing properties (compounds present in only 1-3 Rotofor
fractions were denoted as ‘good’ CAs) as can be seen in Table 1.
In the alkaline range, however, the majority of the CAs does not
only fail to focus, but the number of species per pH unit was low,
due a low variety of pK, values of the aminogroups. These factors
lead to a decline in the quality of the pH gradient in that range
and are possible explanations for the problems encountered when
analyzing proteins in this pH region. Furthermore, the measured
pH range covers usually more than the claimed cut. Exception is
Ampholine 3.5-5, where measured pH values start at a pH of 3.8.
Servalyte generally contains in all pH cuts the highest number of
isoforms. This also explains that Servalytes form the pH gradient
with the best linearity approach. Pharmalytes possess the high-
est percentage of ‘good’ CAs. The authors of this series of papers
make a few remarks about their results (e.g. not all Rotofor frac-
tions were analyzed), and they correctly state that the alkaline
region of CA pH gradients can be improved by new synthesis routes.

Table 1
Composition of different brands of ampholytes [43-48]

Ampholine Servalyte Bio-lyte Pharmalytes
Claimed pH cut 3.5-5 2-4 3-5 2.5-5
pH range 3.8-7 2-6 3.8-7 2-6
No. Mr species 105 277 84 245
No. isoforms 446 1201 383 857
Mr range 205-965 204-929 216-965 203-857
% ‘good’ CA ~70 ~65 ~55 ~72
Claimed pH cut 4-6.5 4-6 4.6 4-6.5
pH range 3.8-7.8 3.6-6.9 4.0-6.4 3.6-7.5
No. Mr species 80 199 66 217
No. isoforms 325 1302 436 812
Mr range 203-893 204-907 388-835 150-1179
% ‘good’ CA ~50 ~34 ~20 ~66
Claimed pH cut 6-8 6-8 6-8 5-8
pH range 5-8 5.3-9.5 4.8-8 5.4-8
No. Mr species 80 126 62 123
No. isoforms 326 703 237 476
Mr range 216-979 240-785 341-1048 221-992
% ‘good’ CA ~46 ~26 ~17 ~45
Claimed pH cut 7-9 7-9 8-10 8-10.5
pH range 6.1-9.0 4.7-8.8 8.5-12.2 7.5-10.3
No. Mr species 29 65 43 58
No. isoforms 85 306 136 102
Mr range 210-870 290-760 205-495 200-725
% ‘good’ CA ~25 ~35 ~25 ~50
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