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Abstract

Capillary electrophoresis-mass spectrometry (CE-MS) has emerged as a powerful
technique for the analysis of proteins and peptides. Over the past few years, significant
progress has been made in the development of novel and more effective interfaces
for hyphenating CE to MS. This review provides an overview of these new interfacing
techniques for coupling CE to MS, covering the scientific literature from January
2007 to December 2011. The potential of these new CE-MS interfacing techniques
is demonstrated within the field of (clinical) proteomics, more specifically “bottom-up”
proteomics, by showing examples of the analysis of various biological samples. The
relevant papers on CE-MS for proteomics are comprehensively summarized in tables,
including, e.g. information on sample type and pretreatment, interfacing and MS detection
mode. Finally, general conclusions and future perspectives are provided.
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1 Introduction

One of the main goals of proteomic studies is to achieve the highest possible proteome
coverage. To this end, a multitude of multidimensional strategies have been evaluated
during the last decade [1], with the main goal of introducing extra selectivity at various
stages of the proteomic workflows so that the highest peak capacity and ultimately
the most comprehensive analysis can be performed. In this context, miscellaneous
separation/fractionation techniques, either chromatographic (ion exchange, size
exclusion chromatography, reversed-phase liquid chromatography (RPLC) at different
pH conditions, etc.) or electrophoretic (SDS-PAGE, iso-electric focusing (IEF), etc.) have
been implemented as a first separation or fractionation step. However, reversed-phase
liquid chromatography-mass spectrometry (RPLC-MS) is still the core technology for
peptide and protein identification and it certainly will remain so in the foreseeable future
[2-7]. For an update of the state-of-the-art of LC-MS for proteomics we refer to the review
of Di Palma et al. in this issue of the Journal of Proteomics.

As the preferred final separation step in proteomic workflows RPLC offers numerous
advantages, but as any analytical technology it has its limits. The most important ones
are related to its separation mechanism — RPLC is a clearly suboptimal technique for
small but also for rather large peptides, as these peptides are either not retained or
irreversibly retained on conventional reversed-phase columns. Furthermore, at the flow
rates at which RPLC is commonly operated, acidic and/or hydrophilic peptides are most
vulnerable to ion suppression phenomena [8-10]. Finally, miniaturization of the LC-MS
proteomics workflow is not an easy task and even the miniaturized workflows require at
least 104 cells[11], which can be considered as a limitation when the analysis of really
volume/material restricted samples is required [5].

In this review, we will concentrate on a different technology — namely, capillary
electrophoresis—mass spectrometry (CE-MS). In CE, charged compounds in a fluid are
separated from each other on the basis of their charge-to-size ratio under the influence
of an electrical field. The first CE experiment in a fused-silica capillary with an internal
diameter of 75 pm and a length of 100 cm was performed by Jorgenson and co-workers
in 1981[12]. Since then, CE has emerged as a highly efficient separation technique and
has, for example, played a central role in the deciphering of the Human Genome [13].

Nowadays, CE is considered as a powerful technique for the analysis of peptides as it
exhibits a selectivity that is based on charge-to-size ratio differences and, therefore, in
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comparison to RPLC, CE can provide complementary information on the composition
of a biological sample. Furthermore, CE separations are highly efficient, relatively
inexpensive (simple fused-silica capillaries vs. LC columns) and requires only small
amounts of sample and reagents. As a result, the coupling of CE and MS is very attractive
as it combines high-resolution separations with high detection selectivity and sensitivity.
Still, the use of CE-MS in proteomics has lagged behind LC-MS. This might be due to
the reduced migration time reproducibility which is occasionally observed as a result of
sample-induced variations in electro-osmotic flow (EOF) often in combination with the
use of non-appropriate washing conditions between runs and/or the poor concentration
sensitivity compared to RPLC-MS.

However, since January 2007, a considerable number of papers have been published
which report on the development and application of CE-MS for proteomics studies using
electrospray ionization (ESI) and matrix assisted laser-desorption ionization (MALDI)
ionization. In this review, we will summarize these studies and pay specific attention
to emerging technological developments mainly related to the use of new interfaces
for coupling CE to MS, enabling new possibilities for proteomics studies. We will
focus on CE-MS-based bottom-up proteomics, i.e. the analysis of (complex) peptide
mixtures obtained after enzymatic digestion of the protein sample. CE-MS for top-down
proteomics, which concerns the analysis of intact proteins, is not covered in this review .
Special attention is devoted to the advantages of CE-MS over RPLC-MS, e.g., operation
at ultra-low flow-rates, capacity for miniaturization, and separation of polar and charged
peptides, which often are poorly retained on RPLC columns. Selected illustrative
examples are discussed in detail and some general conclusions and future perspectives
are provided.

2 CE-MS methodology and applications
2.1 General aspects

CE has emerged as a highly efficient separation technique and, in effect, is used in a
number of separation modes, such as capillary zone electrophoresis (CZE), normally
referred to as “CE”, capillary electrochromatography (CEC), micellar electrokinetic
chromatography (MEKC) and capillary iso-electric focusing (clEF). In MEKC micelles
are used as pseudo-stationary phases in the BGE allowing the simultaneous separation
of neutral and charged compounds. However, the coupling of MEKC to MS is not
straightforward and sensitivity of this combination remains limited. In clEF, amphoteric
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compounds, such as peptides, are separated according to their iso-electric point (pl) in
a pH gradient formed by a mixture of carrier ampholytes (CAs) under the influence of
an electric field[14]. After this so-called focusing step, the mobilization step is used to
transfer the focused analytes toward the detector. Various strategies can be employed
here but the most popular are the hydrodynamic and the chemical mobilizations, each
providing various benefits. Major advantages of clEF are related to its very high resolution
capabilities and to the fact that this is a very efficient pre-concentration technique where
the full separation capillary is initially filled with the sample to separate. In the scope of
using it in conjunction with MS, the main limitation is the low volatility of the CAs (see
section 2.2.2 for more details).

Detection in CE is most often based on on-column UV absorbance as it is easy to
implement and it is widely applicable. However, it lacks both sensitivity, caused by the
small optical path length as a result of the capillary diameter, and selectivity, as UV
detection hardly provides any structural information of the analytes. For that reason,
mass spectrometry has become increasingly popular as detection technique for CE.
However, the coupling of CE to MS is not straightforward as a closed electrical circuit is
required to maintain the high voltage across the capillary necessary for CE separation.
Consequently, a CE-MS interface should provide a means to apply a voltage to the
capillary outlet while insuring the independence of each of the electrical circuits (CE and
ESI). The hyphenation of CE with MS started circa two decades ago, when Smith and
co-workers introduced the first working interface[15]. Since then, research on this topic
has been very active resulting in the development of various interfaces for several types
of ionization sources[16-18].

For MS-based proteomics, ESI and MALDI are the two most widely used ionization
methods. As different as they are, both ionization methods share one common frait,
namely the ability to generate ions from large nonvolatile species without significant
fragmentation. The hyphenation of CE and ESI-MS, however, appears to be more
straightforward than CE and MALDI [19, 20]. With regard to CE-MS coupling, the
composition of the BGE is the main constraint. The combination of CE and ESI-MS is
compatible as both techniques are very well suited to compounds that can form ions in
solution; yet if high buffer concentrations, nonvolatile constituents and/or surfactants
are used as BGE, ion suppression effects are non-avoidable. Moreover, nonvolatile
constituents may cause source contamination and high background signals. Therefore,
only volatile BGEs like formic acid or acetic acid at low-pH (<3) conditions (most peptides
migrate then toward the MS) using ESI in positive ionization mode are typically used for
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CE--MS-based proteomics studies [21-24].

Method stability is of pivotal importance for a proteomics workflow. In CE adsorption
of matrix components and/or analytes to the capillary wall may cause changes of the
EOF which, consequently, leads to negative effects on the migration time reproducibility.
Especially, when bare fused-silica (BFS) capillaries are used, separation efficiencies
may be compromised as a result of adverse analyte—capillary wall interactions [25, 26].
Under these circumstances, it is important to implement systematic and rather extensive/
harsh washing conditions between consecutive runs to allow the analysis of biological
samples with minimal sample pretreatment. Another way to address this problem is to
modify the inner capillary walls of BFS capillaries with polymers, either neutral or positive
ones. This approach has been successfully applied in various CE-MS-based proteomics
studies [25-27]. Particular attention has to be given to the stability of the coating under
the used experimental conditions as any leakage of the used polymer toward the MS can
usually not be tolerated. For this reason, covalent/permanent, rather than non-covalent/
dynamic coating is preferred[28].

In the following sections, recent developments in CE-MS interfacing are discussed
and exemplified for proteomics studies. As stated in the Introduction, only applications
will be covered which concentrate on the use of CE-MS methodologies for bottom-up
proteomics studies. This definition implies the analysis of (complex) peptide mixtures
obtained after enzymatic digestion of the protein sample. Therefore, this section will not
include the analysis of intact proteins which has been comprehensively reviewed by
Haselberg et al. [29].

2.2 Sheath-liquid CE-MS
2.2.1 Coaxial interfacing

CE can be coupled to MS via a sheath-liquid or a sheathless interface, but for a variety of
reasons the sheath-liquid interface has been so far the most widely used for CE-ESI-MS
in proteomics studies [30-32]. Sheath-liquid interfaces use a coaxial sheath-liquid that
mixes with the CE effluent. The aim of the sheath-liquid is to provide electrical contact
between the CE separation and the ESI source. The sheath-liquid interface was first
developed by the group of Smith[15]. In this configuration, the separation capillary is
inserted in a tube of larger diameter in a coaxial setting (Figure 4-4). The conductive
sheath-liquid, to which the CE terminating voltage is applied, is administered via this
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outer tube and merges with the CE effluent at the capillary outlet. In most configurations,
a gas flow is applied via a third coaxial capillary in order to facilitate the desolvation
process. The sheath-liquid can be used to optimize the ESI process and, therefore,
the composition and flow rate of the sheath liquid are critical parameters in optimizing
the overall performance of the sheath-liquid CE-MS method. The sheath-liquid is often
composed of a mixture of water and organic modifier, such as methanol or isopropanol,
containing a volatile acid, such as formic or acetic acid. The operating flow rates in CE
are usually between 20 and 100 nL/min, while the sheath-liquid flow rate typically ranges
from 1 to 10 yL/min. Thus, the flow rates of the sheath-liquid are at least one order of
magnitude higher than the intrinsic CE flow rates which results in compromised ionization
efficiencies and sensitivities of the analytes [24, 33, 34]. Additionally, the sheath-liquid
can, to some extent, influence the peak efficiency. It has been shown that while the
EOF presents a flat profile, the addition of both sheath-liquid and sheath-gas introduces
a parabolic flow component which decreases the achievable peak efficiency [25, 35, 36].
The application of a counter pressure at the inlet of the separation capillary has been
proposed to reduce this effect [25, 35, 36]. In general, the sheath-liquid interface can be
considered as a fairly robust platform. This and the fact that sprayers are commercially
available together might explain why the coaxial sheath-liquid design is so commonly
used in CE-MS-based proteomics [37, 38]. An overview of CE-MS-based proteomics
studies using a sheath-liquid interface over the period from January 2007 to December
2011 is given in Table 4-1. Selected examples are discussed below.

Catai et al. demonstrated that the use of a sheath-liquid interface in CE-MS for peptide
analysis may cause some extra band broadening when compared to the results obtained
with CE-UV [25]. The observed band broadening for the peptides was caused by both the
hydrodynamic capillary flow induced by the nebulizer gas and the data acquisition rate
of the ion trap mass spectrometer used. High separation efficiencies for peptide analysis
could be obtained by cancellation of the hydrodynamic flow caused by the nebulizer gas
and by using a sufficiently high-data acquisition rate.

CE coupled to TOF-MS via a sheath-liquid interface was used for the analysis of O- and
N-glycopeptides of a tryptic digest of recombinant erythropoietin by Gimenez et al.[39].
The adsorption of glycopeptides to the inner surface of a bare fused-silica capillary wall
was prevented by rinsing the capillary with 1 M acetic acid between runs. By using
this washing procedure, RSDs (%) of migration times improved from ~3% to ~0.5%. It
was demonstrated that the presence of reference compounds in the sheath-liquid had a
detrimental effect on the detection of the peptides and glycopeptides of the protein digest
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and as such the authors suggested that depending on the complexity of the sample to be
analyzed, the use of references in the sheath-liquid can be inconvenient for the detection
of the analytes of interest by CE-TOF-MS.

Elhamili et al. evaluated monoquaternarized piperazine, 1-(4-iodobutyl) 4-aza-1-
azoniabicyclo[2,2,2] octane iodide (M7C4l) as a surface derivatization reagent for CE in
combination with TOF-MS for the analysis of protein digests [26]. The M7C4l piperazine,
at alkaline pH, forms a covalent bond via alkylation of the ionized silanols producing a
cationic surface with a highly stable and reversed EOF. The obtained surface yielded
fast separations (<5 min) of peptides at acidic pH with high separation efficiencies
(up to 1.1 x 106 plates/m) while no bleeding of the coating reagent was observed into
the MS instrument. The potential of CE-TOF-MS using M7C4l-coated capillaries was
demonstrated for the analysis of protein digests.

electrical contact

nzebulizing gas

sHeath liquid
CE flow

Figure 4-4: Schematic depiction of the coaxial sheath-liquid design as published
by Smith and coworkers[15]

Tempels et al. developed an on-line SPE-CE-MS system for the analysis of peptides.
Analytes were preconcentrated on a C18 microcolumn (5 x 0.5 mm id), which were
then introduced into the CE system via a valve interface [40]. The CE system with a
Polybrene-poly(vinylsulfonate) bilayer coated capillary was combined with an ion-trap
MS via ESI using a co-axial sheath-liquid sprayer. The on-line coupling of the SPE
and CE step by the valve interface allowed an independent functioning of the system
parts. LODs for selected peptides were in the range of 1.5-3 ng/mL. The potential of
the on-line SPE-CE-MS system was demonstrated by the analysis of a cytochrome C
digest. However, some hydrophilic peptides did not show sufficient retention on the SPE
column, and were lost during pre-concentration.
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2.2.2 Liquid-junction interfacing

Another approach to couple CE to MS is via a liquid-junction interface, which was first
reported by Henion and co-workers [41]. In a liquid-junction interface, the CE capillary
and ESI emitter are separated by a small gap in which the CE effluent mixes with a
sheath-liquid before entering the ESI emitter [34, 41, 42]. The mixing of the sheath-
liquid with the CE effluent serves two purposes. The first is modifying the mixture of the
BGE to make it more compatible with ESI-MS analysis. Secondly, and most importantly,
it is used to create the closed electrical circuit required for CE separation. There are
different solutions for the placement of the electrode required for a closed CE circuit and
application of the ESI voltage. For example, the group of Dovichi used coated separation
capillary ends [42] and sheath-liquid application [43-45] from a grounded vial (Figure 5-1
on page 96), while the group of Chen used a stainless steel ESI emitter as both ESI
and CE electrode. The flow-rates of the sheath-liquid used in liquid-junction designs are
typically in the range of 60 to 200 nl/min, which is significantly lower than the flow-rate
used in coaxial sheath-liquid interfaces. The group of Dovichi recently described an
interface based on electrokinetic pumping of the sheath-liquid and capable to operate
in the nano-electrospray regime [44]. As a result, the system provides great flexibility
in separation buffers, and allows the use of uncoated and inexpensive capillaries for
separation. Low attomole range (high picomolar concentration range) LODs for selected
peptides were reported.

A B
CZE-ESI-MS/MS nano LC-ESI-MS/MS CZE-ESI-MS/MS nano LC-ESI-MS/MS

70 70 64

peptides | peptides | peptides proteins proteins proteins

Figure 4-5: Venn diagram illustrating the overlap of peptides and
proteins identified by both CZE-ESI-MS/MS and UPLC-ESI-MS/MS
at 95% confidence (FDR < 0.15%): (A) peptides, (B) proteins. Taken
from [45].

Recently, Li et al. evaluated the potential of CE coupled via an electrokinetically pumped
sheath-liquid interface to ESI-MS for the analysis of a tryptic digest of a sample of
intermediate protein complexity, the secreted protein fraction of Mycobacterium marinum
[45]. For CE analysis, 11 fractions were generated from the sample using RPLC; each
fraction was analyzed by CE-ESI-MS/MS, and 334 peptides corresponding to 140
proteins were identified in 165 min. In comparison, 388 peptides corresponding to 134
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proteins were identified in 180 min by triplicate UPLC-ESI-MS/MS analyses, each using
250 ng of the unfractionated peptide mixture. Overall, 62% of the peptides identified with
CE-ESI-MS/MS and 67% of those identified with UPLC-ESI-MS/MS were unique (Figure
4-5). CE-ESI-MS/MS favored basic and hydrophilic peptides with low molecular masses.
Combining the two data sets increased the number of unique peptides by 53%.

Until now, only a few proteomic studies have been carried out with CE-MS using liquid-
junction interfacing. However, the results obtained so far are promising and certainly will
stimulate further development.

2.3 Sheathless interfacing

Sheathless interfacing is, in principle, the most straightforward way to couple CE to
ESI-MS as the fundamental property of CE, i.e. the intrinsically low flow-rate, is used in
its most optimal way. Therefore, various sheathless interfaces have been developed to
enhance the concentration sensitivity of CE-MS [24, 46-51]. In the sheathless interface
configuration, the CE voltage is directly applied to the CE buffer at the capillary outlet.
This can be achieved by applying a metal coating to the end of a tapered separation
capillary or by connecting a metal-coated, full metal or conductive polymeric sprayer
tip to the CE outlet. Another way to make a closed circuit is by insertion of a metal
micro-electrode through the capillary wall into the CE buffer end or by direct introduction
of a micro-electrode into the end of a CE capillary [47]. While most of these interfaces
have been proven to provide very high performances, mainly in terms of sensitivity, the
main bottleneck has been the manufacturing complexity or the long-term stability of the
sprayers. Concerning the latter parameter, the main limitation of, for example, metal
coated tips is related to the stability of the metal coating which, upon operation, may
degrade significantly till a point where the electrical contact is lost. A clogging is another
frequent issue of these approaches, especially if a tapered tip used.

Moini developed a sheathless interface design consisting of a CE capillary with a porous
tip as nanospray emitter[24]. The porous tip, being the outlet of the separation capillary,
approach is very straightforward and does not require any fluidic connection. In this
configuration, the properties of the glass portion of the capillary which has been etched
with hydrofluoric acid provide electrical contact between the lumen of the CE capillary
and the outside without the need for any liquid flow through the pores of the porous tip. To
operate this interface, part of the porous portion of the tip is inserted in a buffer reservoir
on which the electrical connections are being made. Besides the relative simplicity of the
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approach, the major attributes of this strategy are the use of non-tapered tips (30 um ID)
and the displacement of the electrolysis reactions outside from the separation capillary,
which are significant advantages, as compared to previous sheathless interfaces.
This interface was used for the identification of proteins in complex mixtures and the
separation of protein—protein and protein—-metal complexes of erythrocytes, showing its
potential for proteomic studies [24, 52, 53].

Based on the sheathless interfacing concept of Moini, a prototype high-sensitivity porous
sprayer (HSPS) sheathless interface for CE-ESI-MS was recently developed by Beckman
Coulter (Figure 5-2 on page 99). Busnel et al. used this novel approach for the analysis
of tryptic digests of bovine serum albumin (BSA) and E. coli.[54]. It was found that the
interface is capable of generating a stable spray with flow-rates ranging from below 10
nL/min to >340 nL/min, enabling its use in either the mass or concentration-sensitive
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Figure 4-6: Base peak electropherogram and base peak chromatograms
of rat testis H1 histones digested with endoproteinase Arg-C using (A) CE—
ESI-MS, sample amount 6.15 ng (300 fmol); (B) LC-ESI-MS, 6.15 ng (300
fmol); (C) LC-ESI-MS, 61.5 ng (3.0 pmol). CE conditions were as described
in Figure 5. LC-ESI-MS was performed using a homemade fritless column:
packed 10 cm with 3 um reversed-phase C18 (Reprosil). The gradient
(solvent A, 0.1% formic acid; solvent B, 0.1% formic acid in 85% acetonitrile)
started at 4% B. The concentration of solvent B was increased linearly from
4% to 50% during 50 min and from 50% to 100% during 5 min. A flow rate
of 250 nL/min was applied. (i) Extracted mass trace of the ion m/z = 569.6
corresponding to the triply charged peptide KALAAAGYDVEKNNSR. Each
dot represents a single full scan. Taken from [56].
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region of the ESI process. The incorporation of transient isotachophoresis (t-ITP) in this
approach increased the mass loading of the system resulting in concentration limits of
detection in the sub-nanomolar range for selected peptides. The possibility to operate
this interface at very low flow rates allowed the use of non-charged neutral capillary
coatings at a flow rate below 10 nl/min, which resulted in a peak capacity above 320 for
the separation of an E. coli tryptic digest. In addition to providing a very high sensitivity,
the operation of this interface at such low flow rates reduces ion suppression effects
normally observed when separation techniques (LC or CE) are hyphenated to ESI-MS
using higher flow rates(> 200 nL/min)[55].

The group of Lindner has recently also evaluated the suitability of this sheathless CE-MS
approach for peptide analysis [56]. Three different cationic capillary coatings were
investigated for stability, resolution, and EOF and were found to enable reproducible
separations by CE-ESI-MS. The sheathless CE-ESI-MS method was compared
with nano-RPLC-ESI-MS by analyzing Arg-C-digested rat testis linker histones. With
comparable amounts of sample injected, the number of identified peptides increased by
more than 60% with sheathless CE-ESI-MS (Figure 4-6). Lindner et al. demonstrated
that low-molecular mass peptides (<1400 Da) were preferentially identified by CE-
ESI-MS, as this group of peptides poorly interacts with the reversed-phase material in
the nano-LC system. This selectivity difference remained valid even with 10 times more
sample loaded in the LC system than in the CE system.

The nanoliter to microliter per minute flow rate used in microchip CE shows a strong
potential for interfacing such devices with nanoflow ESI-MS sources. Microfluidic chips
can be coupled directly to an ESI interface using pressure-driven or EOF to direct the
liquid into the spray [57, 58]. Although the use of microfluidic devices has been under
investigation for some time now, their use in proteomic studies has been very limited so
far. The potential of microchip CE-ESI-MS for proteomics has recently been investigated
by Mellors et al. [59]. They developed a microchip CE system with an incorporated ESI
sprayer, which required no junctions and therefore created no additional dead volume.
As the developed spray tip required a significant EOF, a positively charged covalent
capillary coating was used to create a reversed and strong EOF under which a stable
spray could be achieved for the analysis of a BSA digest. With this system, plate numbers
of 200,000 could be generated with peak widths around a second at half height. Overall,
the developed approach shows a strong potential for proteomic studies as high peak
capacities could be achieved in a narrow separation window.
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2.4 Hyphenation of CE and MALDI-MS

In a nutshell the difference between the CE-ESI-MS and CE-MALDI-MS comes to a
simple fact: the ionization process in MALDI is physically decoupled from the separation
process. As a result, the influence of the BGE composition on the ionization is lower in
MALDI and, if a correct ionization matrix is chosen, a higher ionic strength BGE can be
used [60-62]. Since MALDI-MS generally operates under high vacuum conditions, offline
approaches have so far been preferred. Although these approaches introduce a certain
discontinuity to the workflow, they also permit to envisage the integration of on-plate
reactions, which can be as diverse as enzymatic digestion, chemical modification or
enrichment of subclasses of compounds.

While commercial CE instruments enable fraction collection, in practice this often leads
to breakdown of the CE current occurring at each movement of the outlet reservoir,
which induces a loss of peak efficiency. As a result, the potential applicability of these
approaches is very limited. Several research groups have been developing home-made
interfaces to couple CE and MALDI-MS, with one of the prerequisites being that these
interfaces do not provoke any current interruption so that the high efficiency capabilities
of CE can be preserved for the MALDI-MS detection. Interfaces based on the use of a
T-junction, allowing the addition of a flow of sheath-liquid at the outlet of the separation
capillary have for example been proposed [62]. T-junction based interfaces are suitable
to most CE conditions with or without EOF; however, it has been demonstrated that,
as in ESI-MS, the creation of a parabolic flow profile in the separation capillary using
the addition of a sheath-liquid at the outlet of the separation capillary can compromise
the peak efficiencies. As of today, T-junction interfaces are certainly the most common
ones as they can be combined in a rather straightforward manner to commercial MALDI
spotters. An alternative to T-junction based interfaces is the liquid-junction interface,
however, a significant challenge with this strategy is to optimize the configuration to
minimize dead volumes, which can, when they are too large, dramatically deteriorate the
resolution. In an effort to provide a simple and powerful coupling of CE with MALDI-MS,
an iontophoretic fraction collection approach has recently been proposed [60]. It is based
on electromigration and molecular diffusion and does not rely on the use of any sheath-
liquid, liquid-junction nor superimposed hydrodynamic pressure. The main advantage
of this approach is that it is compatible with both bare fused-silica and neutrally coated
capillaries and that the in-capillary resolution is totally independent from the spotting
process. As a result, as many fractions as required can be collected without deteriorating
the achievable resolution.
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separation
capillary silver paint coating

z connected to ground

Figure 4-7: Schematic of the robotized fraction collection interface including a MALDI
plate mounted on an x,y-stage and a separation capillary silver-coated at the tip for a
connection to ground and mounted on a z-axis holder. Taken from [60].

In all the approaches described above, the fraction collection process is discontinuous
in the sense that analytes separated by CE are collected in discrete droplets. As a result
any discrete spotting strategy will induce a certain loss of resolution as compared to the
in-capillary resolution. In this context, some groups have been proposing continuous
offline deposition approaches. For example, Reijtar et al. have proposed an approach
where the CE effluent was collected on a stainless steel MALDI plate through offline
vacuum deposition [63]. In this configuration, the CE separated analytes were deposited
on 100 micrometers wide streaks and the electrical contact at the interface was provided
by the use of a liquid-junction. More recently, Wang et al. proposed a similar continuous
deposition approach [64], but here the electrical contact was not made through the use
of large liquid-junction but through the use of an open fracture [65] at the outlet of the
separation capillary. Although the fabrication of the open fracture is not straightforward,
the continuous aspect of the deposition presents a lot of capabilities, especially in view
of the significant hardware and software advances which have recently been made in
the field of MALDI imaging.

A number of CE-MALDI-MS applications have been developed and used for proteomics
over the past few years, which are summarized in Table 4-4. Although most of them are
mainly of academic nature, a few relevant cases will be discussed in detail to illustrate
the potential of CE-MALDI-MS for proteomics. Zuberovic et al. performed an analysis of
human CSF using a PolyE-323 positively charged coated capillary coupled to a sheath-
liquid MALDI spotter [66]. The described strategy was also applied for quantitative
proteomics in CSF after incorporating an iTRAQ labeling step in the sample preparation
[67]. Absolute quantification could not be performed, but with the used strategy 43
proteins in CSF could be identified which varied in concentration after a traumatic brain
injury.
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Figure 4-8: Impact of spotting interval time on separation resolution. Experimental conditions:

HPC-coated capillary, total/effective length 80/21.5 cm x 50 ym i.d.; voltage, 30 kV; current, 12

UA; UV absorbance at 200 nm; BGE, 10% acetic acid; sample, tryptic digest of a-lactalbumin (35

uM) and B-lactoglobulin (27 uM); sample injection, 30 mbar 30 s. (A) No spotting. (B) Spotting

every 60 s. (C) Spotting every 30 s. (D) Spotting every 15 s. Taken from [60].
Busnel et al. developed a novel CE-MALDI spotting interface, shown in Figure 4-7, to
achieve efficient fractionation at very low flow-rates using separation in a neutrally coated
capillary [60]. The use of a coated capillary tip instead of a liquid-junction of sheath-liquid
interface to achieve a closed circuit allowed fractionation onto a pre-structured MALDI
plate enabling concentration into a small matrix spot (Figure 4-8). This application was
tested on an 8 protein digest and compared to direct MALDI analysis of the same sample
mixture, resulting in 87 peptides detected after MALDI fractionation compared to only
36 with direct analysis. Although an increase of almost 150% in the number of detected
peptides was found the average sequence coverage only increased from 24% to 38%.
A downside of the developed strategy was the need for sampling/spotting into larger
volume droplets of MALDI matrix resulting in analyte dilution.

2.5 Multidimensional systems

The use of a single separation technique for the analysis of a complex sample such as
protein digests of whole cell lysates or tissue lysates is often not sufficient. The larger
is the number of peptides obtained after enzymatic digestion of a complex biological
sample, the higher is the risk of co-migration if a single dimension separation approach is
used. This, in turn, may lead to the difficulties in the interpretation of the MS/MS spectra
of co-migrating peptides. The use of two complementary techniques generally results in
an improved peak capacity thereby reducing co-migration of compounds. In this section,
relevant applications of on-line and off-line multidimensional separation approaches are
discussed. An overview is given in Table 4-2.
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Chen et al. [68] coupled clEF on-line to nano-RPLC-ESI-MS for the analysis of tryptic
digests of Formalin-fixed and paraffin embedded (FFPE) tissue and yeast membrane
[69-71]. The aim was to achieve maximum peptide coverage by coupling two
complementary separation methods (Figure 4-9). A total of 14,478 distinct peptides were
identified from micro-dissected FFPE glioblastoma tissue, leading to the identification of
2733 non-redundant SwissProt protein entries. For yeast tryptic digest, a total of 33,772
peptides and 3433 proteins could be determined after using a number of different sample
preparation strategies. Although it was claimed that the sample consumption for this
method was low, sample consumption for such a 2D technique will obviously be higher
than for a single dimension separation technique.

A similar strategy was used by Fang et al. for the analysis of human saliva and mouse
brain mitochondrial proteome [72, 73]. Their strategy consisted of an off-line coupling of
an ITP/CZE to nano-RPLC-ESI-MS via a fraction collector. Like clEF, ITP/CZE is enabling
r in-capillary sample concentration for the use of larger volume injections, but it provides
better separation of the peptide bands reducing the appearance of peptides in multiple
CE fractions. In a comparison with the previously described clEF-LC method it was
found that the developed ITP/CZE-LC-MS method was superior in the detection of both
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as a concentrating and multidimensional separation platform.
Solid and dashed lines represent the flow paths for the loading of
CIEF fractions and the injection of fractions into a CRPLC column,
respectively. Taken from [68]
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peptides and proteins. Moreover, the use of both methods resulted in complementary
data and resulted in an even higher number of detected mouse mitochondrial peptides
and proteins.

An off-line CIEF-LC-MS method for the analysis of ovarian endometrioid adenocarcinoma
was developed by Dai et al. [74] The developed strategy was used to compare the
signaling pathways in two closely related carcinoma cell lines. A total of 2612 proteins
could be identified of which only 1092 could be determined in both cell lines. For one of
the cell lines 1749 proteins could be identified after merging the data from three analyses,
but only 311 of these proteins could be identified in all three runs while 561 could be
identified in only two runs leaving almost half of the proteins identified in just one run.

In principle, clEF and CZE are not orthogonal separation techniques and, therefore,
the coupling of the two methods will not yield much additional information for whole
digests. Nevertheless, when separation of intact proteins is performed by clEF followed
by a digestion step and subsequent analysis by CZE the increase in information could
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Figure 4-10: Base peak chromatograms of a representative CIEF/CRPLC
multidimensional separation of 9.6 ug of yeast tryptic peptides obtained from the
soluble fraction of cell lysates. Each number represents the sequence of CIEF
fractions further analyzed by CRPLC from acid to basic pHs. Taken from [68].
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be significant. Using this strategy the most abundant proteins can (at least partially) be
isolated from the less abundant compounds. This coupling of CIEF-CZE was used by
Hanrieder et al. for the proteomic analysis of human follicular fluid [75]. In their method
the intact protein content was first fractionated by clEF into 10 fractions ranging from pH
3 to 10, which were then digested, and separated by CZE using a positively charged
coated capillary, and this was finally followed by spotting on a MALDI target plate for
subsequent analysis.

A method using iso-electric trapping (IET) in membrane separated wells and histidine as
buffering electrolyte was developed by Cologna et al. [76] The investigation showed that
histidine can serve as a very suitable buffer over a wide pH range and that the coupling
of IET and CZE can have some benefits. So far, the method was only applied to BSA
digested before the IET phase of the separation. As previously discussed, IET and CZE
are not orthogonal methods and their coupling in this fashion will most likely not improve
the sequence coverage when compared to an efficient single dimension separation
strategy. If it could be proven that the IET strategy could also be used for the separation
of whole proteins, then the coupling of these methods in a more orthogonal strategy
comparable to the method developed by Hanrieder et al. [75] should be possible.

2.6 Relevant work in adjacent fields

Although the analysis of native peptides is a highly specialized area and is in many ways
different from mainstream proteomics work it is difficult to ignore this important fraction
of the literature. The group of Mischak et al. have used a CE-ESI-MS method that has
been extensively characterized [23] and applied to the study of human urine [77-80],
CSF [81] and bile [82]. The aim of their studies was to identify native peptide biomarkers
for a large variety of diseases. In their strategy, CZE separation is coupled to TOF-MS
through a co-axial sheath-liquid interface. Their CE-TOF-MS approach has been used
for the analysis of thousands of biological samples, demonstrating the robustness of
their approach for large-scale clinical studies. A comprehensive review of the use of
CE-MS in peptidomics/proteomics for the discovery of biomarkers has recently been
published by Mischak et al. [83].
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3 Conclusions and outlook

Over the last 5 years, the hyphenation of CE with MS has significantly benefitted from
technological developments in the field: today the coupling of CE to a mass spectrometer
may be considered as simple and straightforward as coupling of a LC instrument to
MS. The operation at ultra-low flow rates, capacity for miniaturization, and the ability to
separate efficiently (highly) polar and charged peptides are the three main distinctive
features of CE-MS. Although the loadability has always been a topic of discussion with
regard to the general applicability of CE, novel in-capillary concentration methods and
the gain of sensitivity due to the ultra-low flow-effects have reduced the relevance of this
issue.

The next question is whether proteomics researchers are ready to use CE-MS for their
applications and whether modern proteomics offers research questions that will be
typically well-suited for a CE-MS approach. In that respect, we foresee that an exploration
of the above mentioned ultra-low flow rate effects and the analysis of volume restricted
samples will be a main area of CE-MS applications in proteomics. As discussed in this
review, ultra-low flow conditions not only provide sensitivity but also has the advantage
that under these circumstances ESI| behaves “as a detector with almost equimolar
responses for samples prepared from a complex serum matrix” [55]. Miniaturization is
another strong aspect of CE-MS. Scaling down the LC-MS routines is an expensive and
challenging process, CE, on the other hand, is a “nano-technique” by its nature.

Although CE-MS has until now been used primarily with relatively non-complex
samples, we hope that this review will contribute to a more general appreciation of the
possibilities of this technique and challenge the proteomics community to implement
it in their workflows, and we hope to see the results of these experiments in the near
future. Although single cell analysis might be considered the Holy Grail in proteomics,
even hundreds of cells, which will still not be amenable to more conventional proteomic
workflows, in principle provide enough material for a comprehensive CE-MS based
proteomic analyses.
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